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 Soybean is an economically important crop. It is a self-fertilized species grown on 
vast contiguous acres. These facts predispose soybean to disease epidemics. Cercospora 
sojina, causal agent of frogeye leaf spot, has reduced United States soybean productivity 
0.3% on average per year between 2008 and 2010. Several states have reported the 
pathogen developing resistance to the strobilurin class of fungicides. To date genetic host 
resistance has been identified as single dominant genes (Rcs1, Rcs2, and Rcs3). However, 
the lifespans of Rcs1 and Rcs2 were 10 and 16 years respectively. Currently, the Rcs3 
locus has been utilized in all major soybean breeding programs of the US and has been 
for over 20 years.  
Seventy-five accessions of soybean were found to exhibit resistance to multiple 
races of C. sojina while not exhibiting the Rcs3 haplotype. Twenty of these plant 
introductions (PIs) were screened by six races within the new race classification system 
of C. sojina representing all domestic variability of the pathogen. Two agronomically 
favorable PIs, PI398993 and PI399068, were found in this research to exhibit broad 
resistance to sources documented to contain most domestic variability of the pathogen. 
Two segregating populations were developed by crossing PI398993 x ‘Blackhawk’ and 
PI399068 x Blackhawk. Segregation ratios of F2 as well as F2:3 family seedling screens 
of both populations indicating single dominant gene action in both resistance sources.  
Single marker analysis indicated markers associated with the phenotype were 
indeed on chromosome 16 (MLG J), but possibly beyond Rcs3 in both sources. Interval 
mapping placed the highest probability of the resistance loci near SNP_171 and 
SNP_368, 72.86 and 72.48 cM respectively, but distal to the Rcs3 locus. Analysis of 
reaction ratings also indicated significant influence on phenotype was also associated 
with markers located at or beyond the published Rcs3 locus. The evidence in this research 
supports the hypothesis that both PIs may contain a resistance loci, potentially different 
than Davis, but within the same gene cluster. Equally as likely, the resistance could prove 
allelic to Davis. 
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Soybean [Glycine max (L.) Merrill] is a photoperiodic annual legume with origins 
in China. Ancient records indicate the Chinese domesticated soybean around 664 B.C.E. 
(Hymowitz 2004). Soybean was introduced into Europe in the Eighteenth Century and 
into the US around 1765. Later, soybean gained popularity as a major grain crop 
sometime in the 1930s and into WWII. In 2010, soybean was planted to approximately 31 
million hectares in the US with a productivity level of approximately 850 metric tons 
(NASS, 2010). The economic value associated with that crop was US$37.5 Billion. Just 
as with any crop species planted to the large, contiguous acreage of an intensive cropping 
system, soybean is subject to pest epidemics and disease outbreaks.  
Asian cultures utilized soybean as a food source as well as a cover crop to fix 
nitrogen in rotation with other food crops. Early use in the US was solely as a forage 
crop. Later soybean shifted from primarily an industrial crop to a feed crop in the US. 
Soybean is now important globally as a source of both oil and protein, and generally 
classed as vegetable or food type. The high oil and protein content account for 60% of 
dry soybean by weight, 40 and 20% respectively. The remaining dry weight consists of 
35% carbohydrate and 5% ash. The bulk of the soybean crop is solvent-extracted for 
vegetable oil. Defatted soy meal is used for animal food and other products appear in 
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processed foods. A small portion of the crop, the vegetable type, is also directly 
            consumed by humans. 
Soybean cultivation is suited for climates with hot summers, with optimum 
growing temperatures between 21 and 29°C (Hoeft et al., 2000). Temperatures above or 
below the optimal range have the potential to retard growth; however, soybean is a major 
crop in regions outside the temperature optimum. Soybean grows best in moist alluvial 
soils with high organic matter. Soybean is a legume, as mentioned earlier, and therefore 
meets nitrogen requirements of up to 353 kg ha-1 during a growing season via symbiosis 
with the bacterium Bradyrhizobium japonicum (Ferguson and De Groot, 2000). The 
bacteria fix nitrogen for the plant; in return the bacteria receive photosynthate from the 
soybean. Suitable environmental conditions for optimal soybean growth parallel 
conditions suitable for survival of B. japonicum; foliar fungal pathogens prefer similar 
growing conditions. 
Soybean is a self-fertilized species. Early in its domestication, soybean existed as 
phenotypically distinct landraces. Scientists have archived much of the diversity from 
such landraces and compiled this natural variability into germplasm repositories. In total, 
over 229,000 soybean accessions of Glycine max exist and are housed in more than 70 
countries (FAO, 2010). Currently the US houses over 23,000 accessions at the USDA 
Soybean Germplasm Collection at Urbana, IL (Carter, 2004). Modern day soybean exists 
mostly as pure genetic lines utilized for crop uniformity in large-scale agricultural 
operations. The innate genetic uniformity of a variety within the species compounds the 
risk of widespread epidemics mentioned above.  
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Since soybean was adopted as a major grain crop in the US, much breeding effort 
has been dedicated to soybean improvement. At least a portion of this effort has been 
directly placed on resistance to major diseases. In 2010, US soybean yield suppression to 
diseases was estimated at 13 million metric tons for those diseases prevalent in growing 
areas of the US (Wrather and Koenning, 2010). Oftentimes, genes conditioning resistance 
to such diseases are found in unadapted germplasm held in germplasm repositories. 
However, such germplasm can lead to difficulty in breeding programs. The germplasm 
often contains undesirable agronomic traits such as; black seedcoats, small seed, 
shattering, and vining/lodging; such traits have not been bred out of the lines (Carpenter 
and Fehr, 1986). Incorporation of genes from exotic germplasm to modern varieties has 
proved difficult (Concibido et al., 2003). The inception and adoption of molecular marker 
technology in recent years has greatly improved both soybean breeding program 
efficiency and the subsequent pace of progress. Marker-assisted selection (MAS) has the 
potential to greatly improve the success of incorporating traits of interest from unadapted 
germplasm into elite production cultivars. As technology evolves, the trend will likely 
continue. 
One disease threatening soybean is frogeye leaf spot (FLS) caused by the fungal 
pathogen Cercospora sojina Hara. Forms of genetic host resistance have been deployed 
throughout the US production acres since soybean became a large-scale grain crop. These 
forms of resistance included the loci Rcs1 and Rcs2 but each was overcome by the 
pathogen within 20 years of identification and deployment. Since the 1980s, Rcs3 has 
been incorporated into a significant portion of the US production varieties. Rcs3 
conditions resistance to all known races of C. sojina. Even so, FLS accounted for an 
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estimated loss of 332,022 metric tons at a value of US$17.7 million for the 2010 US crop 
(Wrather and Koenning, 2010; NASS 2011). 
Management recommendations for FLS are similar to most fungal crop diseases. 
The current structure of proprietary seed sales in the US greatly reduces the chance of 
planting severely infected seed. Fungicide seed treatments are much more common than 
not. Foliar fungicides, particularly of strobilurin chemistries, are applied on a vast amount 
of soybean acres during reproductive development. Resistant cultivars, the most effective 
and responsible approach to management, are well-utilized. Tillage of crop residues, 
however, is much less utilized today than in years past. 
Strobilurin chemistries have offered excellent control of this and other soybean 
pathogens in susceptible cultivars. However reports of C. sojina overcoming the 
strobilurin chemistries have been reported in several states in the US (Bradley, 2011). 
With the eminent threat of strobilurin-resistant populations of the pathogen, coupled with 
a long-used single-gene conditioning resistance, our current level of soybean production 
is at the very least at moderate risk. Alternate resistance sources need to be identified and 
characterized. The purpose of this research is to evaluate the breadth of resistance within 
selected plant introductions, identify the putative genes conditioning broad resistance to 






REVIEW OF LITERATURE 
Frogeye leaf spot (FLS) occurs throughout all soybean producing areas of the 
world, including the United States. FLS is primarily a foliar disease; however infections 
may also develop on petioles, stems, pods, and seeds. Warm, humid environments favor 
disease incidence. Historically, these environments resulted in epidemics of the disease in 
susceptible cultivars. Yield loss is generally attributed to disruption of photosynthetic 
function through leaf tissue necrosis and the resultant premature defoliation (Dashiell and 
Akem, 1991). 
The relative importance of crop disease is directly related to its impact on 
productivity. Yield loss resulting from FLS infections has been estimated in several ways. 
Studies in Brazil indicated a 14% yield reduction averaged across six susceptible 
cultivars when plots were inoculated with the pathogen relative to plots that were not 
inoculated (Yorinori, 1992). In a study in Nigeria, Dashiell and Akem (1991) reported a 
66% reduction in seed yield of a susceptible cultivar infected by natural-inoculum 
conditions compared to the cultivar when sprayed twice with the fungicide benomyl 
(50% benlate), which offered complete control of the disease. Studies in Argentina 
reported 27 and 29% yield reductions in soybean plots under heavy FLS infection and in 
the absence of fungicide treatment relative to treated plots (Mantecón, 2004a; Mantecón, 
2004b). In studies in the United States, yield reductions have also been documented. 
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Laviolette et al., (1970) reported from 3 to 21% yield reduction in the susceptible 
variety Clark over three years in a study investigating impact of the disease. Susceptible 
lines in the USDA Uniform Tests suffered losses from 10% in Florida (Hartwig and 
Edwards, 1989) to 30% in Alabama (Hartwig 1990). More recently and in a more 
complex nature, Mian et al. (1998) compared near isogenic lines (NILs) derived from 
four backgrounds (differing primarily only in resistance to the pathogen) across three 
growing seasons and reported yield loss of up to 31% in susceptible NILs. In their study, 
resistant NILs always had significantly higher mean yields than susceptible NILs when 
FLS infection occurred. For the past three years, estimated losses due to FLS have 
increased from 183,887 metric tons in 2008 to 330,022 metric tons in 2010 (Wrather and 
Koenning, 2010).  
 
The Pathogen, Cercospora sojina Hara 
Description 
 The causal agent of FLS is the pathogen C. sojina. Cercospora species were 
historically placed in an artificial phylum Deuteromycota due to an unknown or 
nonexistent sexual stage. However, due to modern phylogenetic analyses and 
identification of teleomorphs, species within this phylum are now mostly classed as part 
of Ascomycota. Many Cercospora species have Mycosphaerella teleomorphs, the largest 
genus of plant pathogenic fungi. There has not been identification of the perfect stage of 
C. sojina. The imperfect stage of the fungus is well characterized. C. sojina produces 
clusters of short dark conidiophores through stomata of leaf tissue, bearing long, slender, 
multicellular conidia successively on the tip (Barnett and Hunter, 1998). A recent 
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phylogenetic analysis of the internal transcribed spacer (ITS) regions of ribosomal DNA 
of  Cercospora and Mycosphaerella indeed placed C. sojina in the mycosphaerella clade 
(Goodwin et al., 2001). Isolates, defined as pure colonies of a pathogen obtained from 
infected plant material, of C. sojina in this study did not produce cercosporin, a 
photoactive polyketide toxin common to many Cercospora species. 
 
Epidemiology 
  C. sojina is a polycyclic pathogen. The pathogen may overwinter in or on seed 
and plant debris via mycelia. Conidia production is favored by warm humid weather. 
Conidia are detached easily, often carried long distances by the wind. Primary inoculum 
is produced from: 1) Debris, 2) cotyledonary lesions on seedlings resultant from infected 
seed, and 3) wind-blown from living plants in other geographic areas. The disease has a 
latent period of around 14 days, and consequently lesions are not often noticed on young 
leaves. However, these young leaves are more susceptible to infection (Phillips, 1999). 
Secondary infection may continue throughout favorable conditions. The specific 
interaction(s) between temperature and moisture remain unclear. Although the pathogen 
requires free water for germination and haustorial penetration, prolonged heavy dews can 
be sufficient for the process. With prolonged moisture, infection of new leaves occurs as 
they develop. As such, symptoms may be absent on leaves produced during unfavorable, 
dry environmental conditions, but may reappear on leaves produced later under 
conducive moist, humid conditions. Consequently, a resulting layered pattern of disease 
infection may appear in the canopy (Phillips, 1999). The pathogen may attack all portions 
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Commercially available chemical fungicides have shown limited control of the 
fungus. Replicated field trials have shown both reduction of disease incidence and 
positive yield responses to application. Fungicides applied prior to infection in Argentina 
significantly reduced disease severity ten-fold and increased yield by 27% (Mantecón, 
2004a). Similarly, reduction in disease incidence has been reported in Mississippi 
(Sciumbato et al., 2006), Virginia (Chappell, 2005), Ohio (Mills and Dorrance, 2008), 
and Indiana (Shaner and Buechley, 2006). However, even in the absence of visual disease 
symptoms, many of the fungicides elicit positive yield responses (Blessitt et al, 2007; 
Trybom and Jeschke, 2008). Numerous ‘plant health’ benefits have been reported with 
the strobilurin class of fungicides including: Delayed senescence of green leaves, 
increased carbon assimilation, enhanced water use efficiency, and improved stress 
tolerance; many of these responses are considered physiological in nature. The response 
could possibly be due to prevention of some cryptic infection by an alternate pathogen, 
thereby increasing the plant’s natural ability to mitigate other stresses, including attack by 
C. sojina. Due to the response to strobilurins in the absence of disease symptoms, 
widespread adoption of blanket applications of these fungicides has occurred in the US in 
recent years. In the more recent past, populations of C. sojina have been documented as 
resistant to the strobilurin chemistry (Bradley, 2011). Also of importance, Mantecón 
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(2004b) reported control of FLS with the biological fungicide Serenade®, Bacillus 
subtilis, a much more environmentally-friendly option than chemical fungicides.  
Numerous studies have hypothesized that the increase in FLS in recent years 
occurred concomitant with, and is related to, a rise in minimum tillage and no-tillage 
systems. Such practices leave more crop residue on the soil surface that allows for a 
greater primary inoculum level at the beginning of the next growing season (Grau et al., 
2004). Deep tillage has been shown to lower inoculum levels as well as reduce symptoms 
for many plant pathogens that overwinter in or on crop residue including C. sojina. In 
addition, other cultural practices used to break the disease cycle, such as using disease-
free seed and rotating to a non-host crop for several years, prove to be useful control 
measures for C. sojina. The same sources also speculate that warmer winter temperatures 
may play a role in the increased incidence of FLS (Grau et al., 2004). Though some 
control of FLS has been offered through use of the aforementioned practices, a much 
more financially, environmentally, and ecologically responsible choice of control is 
deployment of stable genetic resistance in production cultivars. 
 
Race Classification and Resistance Genes 
Rcs1 and Race 1 of C. sojina 
 Many physiological races of C. sojina have been identified. Physiological race is 
defined as a group of pathogens that infect a given set of plant varieties. Genes that 
condition resistance to each, several, or all of the known physiological races have been 
identified. FLS was first documented in the United States in 1924 (Melchers, 1925). In 
the mid to late 1940s, epidemics flourished (Athow and Probst, 1952). The impact of FLS 
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in Indiana in 1947 was referred to as one of ‘epiphytotic proportions’. FLS remained one 
of the most important soybean diseases for several years. Scientists noticed that these 
epidemics were specific to plantings of ‘Hawkeye’ or lineages of Hawkeye, while 
adjacent plantings of ‘Lincoln’ and ‘Wabash’ and their relatives were not affected. 
Athow and Probst (1952) consequently identified a gene conferring resistance to the 
pathogen (Rcs1) and designated the C. sojina  isolate Race 1. Inheritance studies were 
carried out through crosses of Lincoln or Wabash with susceptible lines. No allelism tests 
between Lincoln and Wabash were conducted at that time. In the studies of Rcs1, 
segregation ratios of 3:1 in the F2 progeny as well as 1:2:1 in the F3 progeny indicated a 
single dominant gene pattern for Rcs1. Currently there are no known remaining cultures 
of Race 1. The utilization of cultivars with Rcs1 was effective and by 1949 the disease 
was no longer viewed as economically important. 
 
Rcs2 and Race 2 of C. sojina 
 Following deployment of the Rcs1 genes, FLS took a “back burner” with limited 
impact on soybean production. However, in the late 1950s, a new race (Race 2) of C. 
sojina emerged, and many of the production cultivars resistant to Race 1 were susceptible 
to the new race (Athow et al., 1962). Fields of ‘Clark’ and Wabash, both previously 
thought resistant to FLS, were heavily infected in 1959. Inoculation of varieties with the 
Race 1 and new isolates illustrated differences in susceptibility between the two races. 
Race 2 was thus identified. Researchers sought resistance to Race 2 in production lines; it 
was identified in 15 of the 120 tested lines. Probst et al. (1965) conducted crosses of 
‘Kent’, putatively carrying the resistance gene, to two lines with known susceptibility to 
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Race 2. The F1 progeny were uniformly resistant; F2 generations segregated in a 3:1 
ratio. Progeny of the resistant F2 plants segregated in a 1:2 ratio of homozygous to 
heterozygous resistant combinations. The resistance was so-named Rcs2.  Athow et al. 
(1962) noted the resistance found to Race 2 was traceable to: ‘CNS’, ‘Ogden’, ‘Pagoda’, 
‘Roanoke’, PI 194633, or PI 194846 germplasm. Several varieties were resistant to both 
Race 1 and Race 2 including: CNS, Dorman, Hood, Kanrich, Kent, Kim, Lee, Ogden, and 
Roanoke. Cultivar Kent was later found susceptible to Race 2 by Ross (1968) and again 
found resistant by Phillips and Boerma (1981). Only one variety, Perry, held the Rcs2 and 
the Rcs1 alleles. In these tests, ‘Blackhawk’, ‘Chippewa’, ‘Comet’, ‘Flambeau’, ‘Grant’, 
Hawkeye, ‘Henry’, ‘Mandarin’, ‘Monroe’, and ‘Norchief’ were susceptible to both races. 
Clark, Lincoln, and Wabash putatively carried the Rcs1 and Rcs2 alleles. Again, 
following deployment of the Rcs2 resistance, FLS was of low priority in the soybean 
disease priority rankings. Table 2.1 documents tested cultivars and lines and their 
reaction to isolates of Races 1 through 5.  
 
Races 3 and 4 of C. sojina 
Beginning in 1964, ‘Hill’ soybean was heavily infected and severely affected in 
North Carolina (Ross, 1968). Ross tested Hill with isolates of Races 1 and 2 as well as 
wild isolates collected from four areas in N.C. His results proposed at least 2 new 
physiological races of C. sojina based on cultivars used as differentials, designated as 
Race 3 and Race 4. One of his collected isolates elicited reactions similar to Race 1 and 
two elicited reactions similar to one another. In this research, cultivars Kanrich and 
Ogden showed universal resistance. CNS, Lee, Hill, and Hood were generally susceptible 
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to Races 3 and 4. Ross (1968) concluded that C. sojina is extremely variable and with 
emergence of new races of the pathogen to which predominant production cultivars of the  
time were susceptible, FLS would likely again become economically important. 
Inheritance studies for resistance to Races 3 and 4 were not conducted and cultures of 
Races 3 and 4 are no longer available (Phillips and Boerma, 1981). The consequence of 
the loss is devastating to any allelism and genetic studies to characterize or compare 
genes conferring resistance to those races. 
 
Rcs3 and Race 5 of C. sojina 
 Until 1978, FLS received little attention in the US. However, at that time, 
Georgia was stricken with widespread infection in a newly released cultivar ‘GaSoy17’ 
as well as the variety Bragg, in environmental conditions generally thought to be 
unfavorable for disease progression (Phillips and Boerma, 1981). Phillips and Boerma 
recognized the potential threat because roughly 60% of soy acreage in Georgia was 
planted to Bragg and much of the total acreage of the southeastern US was planted to 
susceptible varieties. The isolate, collected in Georgia by Phillips and Boerma, was tested 
on a set of selected cultivars with known reaction to Races 1-4 of C. sojina. Bragg, Hood, 
and Roanoke as well as Blackhawk became infected. Lee, Hill, Kanrich, Davis, Lincoln, 
and Kent were resistant to the isolate, designated Race 5. Both Kanrich and Davis 
exhibited resistance to all known races (Athow et al., 1962; Ross, 1968; Phillips and 
Boerma, 1981). Phillips and Boerma also noted differences in the susceptible cultivars, 
indicative of varying degrees of susceptibility in cultivars. To elucidate the resistance to 
Race 5, Phillips and Boerma (1982) later decided to determine the inheritance of 
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resistance Davis and Lincoln. All F1 progeny from crosses (Lincoln × susceptible variety, 
Davis × susceptible variety, Lincoln × Davis) and reciprocal crosses were resistant. All 
F2 populations from crosses of a resistant parent with a susceptible parent segregated in a 
3:1 ratio indicative of single, completely dominant alleles conferring the resistance in 
both lines. Testing of the F3 progeny further substantiated the single gene theory. An F2 
population resultant from the cross of Davis × Lincoln segregated in a 15:1 ratio of 
resistant to susceptible individuals. The subsequent F3 lines from resistant F2 plants 
segregated in 15:1 or 3:1 ratios; susceptible F2 plants bred true for susceptibly. The 
researchers concluded the genes conditioning resistance to Race 5 in Davis and Lincoln 
were independent dominant alleles. One year later, Boerma and Phillips (1983) 
determined the relationship between Rcs2 in Kent and the gene for resistance against 
Race 2 in Davis. F3 segregation ratios of a cross between the two were consistent with 
independent single dominant gene patterns. They concluded in this study that the genes in 
Davis and Kent conditioning resistance to Race 2 of C. sojina were different; and 
therefore the resistance observed in Davis was designated Rcs3. In a later study, Baker et 
al. (1999) evaluated the resistance to Race 5 of PI 54610 documented by Pace et al. 
(1992). Segregation ratios of F2 progeny indicated that the resistance of PI 54610, an 
ancestor of Davis, was also a product of the Rcs3 gene. 
 
Other Resistance Genes 
Currently, the Rcs3 gene confers resistance to all known races of C. sojina. The 
Soybean Genetics Committee currently only recognizes three genes for resistance to C. 
sojina: Rcs1, Rcs2, and Rcs3.  However, due to high variability of the pathogen and a 
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historically short lifespan of resistance to the pathogen, scientists continue to evaluate 
germplasm for alternative forms of resistance. Several other forms of resistance to C. 
sojina have been identified and studied. Pace et al. (1992) identified resistance to Race 5 
in Ransom and Stonewall. One year later, Pace’s group conducted inheritance studies of 
both cultivars and Lee, which had shown resistance to Race 5 (Pace et al., 1993). All 
crosses conducted indicated single dominant gene models, independent for each source of 
resistance and from the Rcs3 gene in Davis. Resistance to various races of C. sojina in the 
cultivar Peking has been fairly well studied, but the genetics of the resistance has been 
the source of some disagreement. Due to the wide range of resistance to agronomic pests 
including C. sojina, Baker et al. (1999) evaluated the FLS resistance in Peking for 
inheritance patterns and also in comparison to the known Rcs3 source Davis. A 3:1 
resistant:susceptible ratio in the F2 generation of a cross between ‘Lee’ (susceptible to 
most races, but resistant to race 5) × Peking indicated a single dominant gene. A 15:1 
ratio in the F2 generation of a cross between Davis × Peking screened with an unknown 
isolate indicated that the resistance in Peking to that isolate was independent and non-
allelic to the Rcs3 allele. Later studies involving both amplified fragment length 
polymorphisms (AFLPs) and simple sequence repeats (SSRs) were interpreted as though 
the resistance gene in Peking was linked, though at another locus within the same gene 
cluster (Yang et al., 2001). An alternative interpretation of previous work postulated the 
Peking resistance could possibly be the result of both an independent gene locus as well 
as a variant allele at the Rcs3 locus (Mian et al., 2008). 
 As stated previously, the pathogen C. sojina occurs in most soybean-producing 
areas of the world and becomes problematic where soybean production overlaps with hot, 
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humid environments such as China, Brazil, and the US (Ma, 1994; Yorinori, 1992; 
Hartwig, 1990). Consequently, resistance has been sought in those areas. An Rcs4 locus 
was proposed by Lucena et al. (1982) conferring resistance to Race 4 of C. sojina in 
Brazil; the race being different than the Race 4 in the US designated by Ross (1968). 
Buzzell (1988) crossed the Rcs4 source ‘Santa Rosa’ × Davis and concluded Rcs4 and 
Rcs3 were likely the same allele or at the least allelic; therefore, the designation of Rcs4 
has not been accepted by the Soybean Genetics Committee. In China, Yang et al. (1995) 
reported resistance to Chinese Race 7 and most other races there with the Rcsc7 gene, 
found in ‘Hardison’, ‘Dong-Nong 84-898', and ‘Ozzie’. Jijun et al. (1999) also reported 
Rcsc7 in NEAU9674 in work conducted to determine inheritance patterns of the gene. A 
3:1 resistant:susceptible ratio indicated a single dominant gene was responsible for this 
resistance. No allelism tests have been performed on Rcsc7, and it remains to be accepted 
by the SGC. 
More recently, Hoskins et al. identified four Chinese PIs with putative unique 
resistance genes (2011).  Phenotypic analysis of two different loci within the four PIs 
illustrated independence of  Rcs3;  molecular characterization indicated the location on 
different chromosomes. The loci were submitted to the Soybean Genetics Committee; 
both were accepted and tentatively named Rcs4 and Rcs5 (A. Hoskins, personal 
communication, October 9, 2012). 
 
Associated Molecular Markers 
Given the high variability of the pathogen, it is highly probable that a race of the 
pathogen will indeed overcome the widely-used Rcs3 resistance. Screening of germplasm 
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as well as phenotyping of breeding populations through artificial inoculation methods is 
very time consuming and labor intensive, and is also subject to much environmental 
variation. Recent advances in molecular techniques and genomic tools provide assistance 
to classical breeding programs. Development of techniques to identify markers that 
cosegregate with the gene of interest may reduce both the time involved in the breeding 
process as well as increase the efficiency by which target traits may be acquired. To date 
molecular characterization has primarily focused on the Rcs3 gene conferring resistance 
to FLS due to its broad resistance; however some focus has been placed on clarification 
of Peking resistance as well as potential new sources of resistance. 
 
The Rcs3 Resistance Locus 
Mian et al. (1999) mapped the Rcs3 gene to Molecular Linkage Group (MLG) J, 
or chromosome 16. The position was the same genomic position as the simple sequence 
repeat (SSR) marker Satt244 and only 1.5 cM from SSR marker Satt547.  In a study of 64 
genotypes conducted by Missaaoui et al. (2007b), the majority of genotypes putatively 
carrying the Rcs3 gene amplified 156- and 182- bp bands at Satt244. Satt547 amplified a 
242-bp band which dominated the Rcs3 genotypes. Missaoui et al. (2007b) also tested 
numerous ancestors of Davis for the presence of the two markers. They found a lack of 
evidence for the Rcs3 allele, and speculated the resistance arose either as a rare gain-of-
function mutation or epigenetically. They therefore concluded both SSR markers could 
be used in breeding populations in which Davis serves as ancestor. More recently, 
Missaoui et al. (2007a) utilized single nucleotide polymorphisms (SNPs) due to the 
higher frequency, lower error rates, decreasing costs, and potential for larger scale of 
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MAS. The researchers conducted both SNP and insertion/deletion (InDel) discovery in 
three soybean lines with the Rcs3 allele and three without the Rcs3 allele. Nineteen SNPs 
were identified; of which 13 mapped in an F2 population derived from a cross of Davis × 
Blackhawk. Five SNPs were validated in 64 genotypes from ancestors and descendants of 
Davis mentioned previously. They concluded two SNP markers, AZ573TA150 and 
AZ573CA393, very closely associated to Rcs3, could be used in selection for Rcs3.   
C. sojina resistance in ‘Cristalina’, ‘Parana’, and ‘Uberaba’ has been documented 
to be found at the Rcs3 locus (Arias et al., 1996). Filho et al. (2002) conducted 
experiments utilizing bulked segregant analysis (BSA) to identify random amplified 
polymorphic DNA (RAPD) associated with the resistance identified by those researchers. 
They identified a RAPD marker, CSOPA1800C (5'-CAGGCCCTTC-3'), found in all 
resistant individuals; the RAPD markers cosegregated with the Satt431 and Satt547 
markers in populations with those markers. Interestingly, F2 segregation ratios of 
phenotypes of crosses Cristalina × Bossier (susceptible to C. sojina)  and Parana × 
Bossier were found to be 3:1 resistant:susceptible, while the cross of Uberaba × Bossier 
resulted in segregation ratio of 13:3 resistant:susceptible. The F2 segregation ratio of the 
cross Uberaba × Bossier indicate two independent loci, one recessive, controlling the 
resistance in Uberaba. Although this is the only case documented in the literature, the 






 As mentioned in earlier sections, Yang et al. (2001) mapped the resistance to C. 
sojina carried by ‘Peking’ using both AFLP and SSR markers. In the F2 population of 
Peking × Lee (where Lee was susceptible to the race of C. sojina), the AFLP marker 
AACCTA178 was reported as linked to the Peking allele of the C. sojina resistance gene; 
the AFLP marker was absent in Davis. The group also used the SSR markers located on 
chromosome 16 (MLG-J): Satt244, Satt547, and Satt431; located at 65.04, 67.79, and 
78.57 cM, respectively. DNA samples from Peking amplified a 195-bp band for Satt244, 
whereas DNA from Lee amplified a 202-bp fragment. Recall that Satt244 amplified a 
156/182 bp band in Davis (Mian et al., 1999). DNA from all resistant F2 individuals 
amplified the 195-bp band, though some amplified both the 195- and 202-bp band. The 
scientists noted no linkage of Satt431 with the resistance gene in Peking, and no 
polymorphisms between Peking and Lee in Satt547. 
 
The Rcsc7 Resistance Locus 
Cercospora sojina is also a problem in China, and race designations have been 
documented there as well. Similarly, resistance to FLS has been a source of investigation. 
Jijun et al. (1999) studied the inheritance of the aforementioned Rcsc7 and tagged the 
gene with RAPD markers. The research utilized BSA of DNA of individuals from the F2 
generation of a cross of a susceptible line (NEAU91212) and a resistant line 
(NEAU9674). The polymorphic band OPS03620 amplified in the resistant parent; 
OPS03580, OPS03620, and OPS03620 + 580 amplified in a 1:2:1 ratio in the F2 
population. The findings support a co-dominant RAPD marker for Rcsc7 in OPS03. No 
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location-specific information was reported in the paper. The RAPD marker cannot be 
found on Soybase; therefore, it is unknown where the reported gene is located. 
 
Pending Resistance Loci 
Four lines, PI594619, PI594662A, PI594774, and PI594891 were found to contain 
unique FLS resistance genes (Hoskins et al., 2011). The gene conditioning resistance in 
PI594619 was mapped near Satt501, which is located at 47.27 cM on chromosome 18 
(MLG-G). The gene identified within PI594662A mapped near Satt547 and Satt244 on 
chromosome 16 (MLG-J). The resistance gene in PI594661 also mapped near Satt244 on 
chromosome 16 (MLG-J). Resistance within PI594774 and PI594891 mapped near 
Satt114 on chromosome 13 (MLG-F).  Those loci on chromosomes 13 and 18 have been 
approved by the Soybean Genetics Committee and have been tentatively named Rcs4 and 
Rcs5 (personnal communication). 
 
Future Needs 
 The nature of a crop dictates both its vulnerability to attack by pests and disease 
as well as the tools used in a breeding program. Soybean cultivars are genetically uniform 
and planted on large contiguous tracts of land, in a relatively similar time period within 
geographical regions. As time has proven, the known resistance genes to FLS in soybean 
are stereotypical of vertical resistance as observed in their rapid breakdown. It is 
therefore critical to worldwide soybean production to identify and incorporate novel 
resistance genes to the pathogen prior to widespread resistance failure. Given the vast 
number of unique physiological races of C. sojina, 93 unique isolates at last count within 
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the University of Georgia collection, many more races likely exist, even within the 
southeastern US. 
Due to the multiple races of C. sojina, breeding for resistance involves the many 
race-specific resistance genes. One trend in vertical, race specific resistance genes is 
pyramiding, in which multiple resistance genes are incorporated which would have to be 
overcome by different races of the pathogen. Currently, the Davis gene, Rcs3 conditions 
resistance to all known races of C. sojina. However, the many other resistance genes 
conferring resistance to one to many races of C. sojina offer potential for this and other 
trends for stabilizing worldwide soybean production. Another trend is the use of multiline 
varieties where agronomically similar lines, differing in resistance genes, are planted 
together creating a refugia-like effect to prolong the resistance involved (Agrios, 2005).  
With ever-increasing advances in both technology and knowledge, the relative 
expense of DNA analysis and molecular marker identification is rapidly decreasing. 
Consequently, the utility of these tools in public breeding programs is increasing. 
Concomitantly, the monetary and labor expense involved in screening and/or 
phenotyping breeding lines seems to be increasing. With these trends, characterization of 
source resistance, both old and new, and identification of markers associated with the 
genes are becoming increasingly important. The objectives of this work are to: 1) 
Characterize the level of resistance of selected PIs previously reported as resistant to 
several C. sojina isolates, 2) characterize the resistance found within the PIs as novel 
genes or alternative alleles, 3) determine the inheritance patterns of the resistance found 
in the PIs, and 4) determine the putative location of the resistance genes identified and 
associated molecular markers. 
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Table 2.1   Soybean (Glycine max) line, frogeye leaf spot (FLS) resistance gene, and 
published data for reaction to infection of cultivar with Races 1 to 5 of 
Cercospora sojina.  
 
Cultivar Resistance Gene 
FLS Reaction 
Race 1 Race 2 Race 3 Race 4 Race 5 
Adams - Rc,d Sc,d Sd - - 
Bethel - Rc Sc - - - 
Bienville - Sd Rd Sd - - 
Blackhawk - Sd Sd,e Sd Sd Se,h 
Bragg - Rd Rd,e S/Rd - Se,h 
Capital - Rc Sc - - - 
Chippewa - Sc Sc - - - 
Clark - Rc,d Sc,d S/Rd - - 
CNS - Rc,d Rc,d Id - - 
Comet - Sc, Rd Sc,d Rd Sd Sh 
Dare - - - Rd Sd Se 
Davis Rcs3 Rd Rd,e Rd Rd Re,h 
Dorman - Rc,d Rc, Sd Sd - - 
Flambeau - Sc, Rd Sc,d Rd Sd Se,h 
Ford - Rc Sc - - - 
Grant - Sc, Rd Sc Rd - - 
Hampton - Rd Rd S/Id - - 
Hardee - Rd Rd Rd - - 
Harosoy - Rc,d Sc,d Rd - - 
Hawkeye - Sb,c,d,i Sc - - - 
Henry - Sc Sc - - - 
Hill - Rd Rd,e Sd Sd Re,h 
Hood - Rc,d Rc,d,e Rd Sd Se,h 
Jackson - Rc,d Sfhc, Sd Sd Sd Se 
Kanrich - Rc,d Rc,d,e R/Id Rd Re 
Kent Rcs2 Rc,d Rc,e, S/Rd,h - - Re, R/Sh 
Kim - Rc,d Rc,d Sd S/Rd - 
Lee - Rc,d Rc,d,e Rd Rd Re,h,i 
Lincoln Rcs1 Rb,c,d,i Sc,d,e Rd - Re,h 
Madison - Rc Sc - - - 
Mandarin - Sc Sc - - - 
Merit - Rc Sc - - - 
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Table 2.1 (continued) 
 
Monroe - Sc, Rd Sc,d I/Rd Sd - 
Peking RcsPeking      
Perry - Sb,c,d, Ig Rc, Sd Sd - - 
Norchief - Sc Sc - - - 
Ogden - Rc,d Rc,d Rd Rd Re 
Roanoke - Rc,d Rc,d,e Rd Sd Se 
Ross - Rc Sc - - - 
Scott - Sc,f,h, Rd Rc, Sd I/Sd Sd - 
Semmes - - - Sd Sd - 
Shelby - Rc,d Sc,d Rd - - 
Stuart - Sd Sd Sd - - 
Tanner - Sd Sd Sd - - 
Wabash - Rb,c,d,i Sc,d Rd - - 
PI594619 Rcs4 - - - - - 
PI594662A Rcs3 - - - - - 
PI594774 Rcs5 - - - - - 
PI594891 Rcs5 - - - - - 
  
a S=susceptible, I=intermediate, R=resistant, Seg=segregating. 
b Athow and Probst, 1952. 
c  Athow et al., 1962. 
d Ross, 1968. 
e Phillips and Boerma, 1981. 
f Phillips and Boerma, 1982. 
g Probst and Athow, 1958. 
h Boerma and Phillips, 1983. 





MATERIALS AND METHODS 
Materials Identification, Acquisition, and Maintenance 
Soybean Germplasm 
Preliminary screening of a large assemblage of soybean germplasm was initiated 
in 2006 by Mengistu et al. (2011). Nineteen plant introductions (PIs) exhibited resistance 
when inoculated with Race 11 of Cercospora sojina Hara in Missouri and Illinois as well 
as to natural inoculums of C. sojina in Tennessee. Seed from these 28 lines (Table 3.1) 
were acquired from the University of Missouri Delta Center at Portageville in 2009. 
Other lines with known resistance genes as documented in the literature were requested 
and received from the USDA Germplasm Resources Information Network, National 
Plant Germplasm System (Table 3.1). All germplasm was coded with either an 
alphabetical or a numerical character in an effort to simplify future population names. 
Seed was stored in a cold room under low humidity and was removed only for planting. 
All lines were planted in the USDA-CGRU crossing nursery under supervision of J.R. 
Smith for manual crosses and seed increases in the 2009 and 2010 growing seasons. 
 
C. sojina Isolates 
Mian et al. (2008) recently proposed a new set of races of C. sojina that 
encompasses those physiological races predominating in the US, China, and Brazil. The 
23 
  
new set of races fills a void in an effort to develop a universally accepted set of 
races of the pathogen as well as a set of soybean differential cultivars. A universal set of 
races and differentials facilitates genetics research for identifying additional FLS 
resistance alleles and genes as well as further C. sojina race classification. Isolates were 
sent to the American Type Culture Collection (ATCC). The isolates are also held by the 
University of Georgia at Griffin, GA. The proposed set of 11 races represents the 
majority of the diversity within C. sojina (Table 3.2). Of these 11 isolates, six are native 
to the US including S1, S5, S7, S102, S127, and S130. Isolates S22 and S23 originated in 
China; isolates S48, S52, and S59 originated in Brazil. Therefore, the six isolates 
representing the majority of the C. sojina variability within the US were used in this 
research. An isolate of each race of the current C. sojina race classification of domestic 
origin was obtained from the UGA under permit by the USDA-APHIS permit (# P526P-
09-00849) for interstate movement.  The new classification isolates included isolate 
numbers S5, S7, S102, S130, S1, and S127 of the Georgia system which correspond to 
Races 5, 6, 9, 12, 14, and 15 of the current classification.  
Cultures were maintained on soybean stem lima bean (SSLB) agar, composed of 
equal parts of soybean stem agar and lima bean agar (Difco) as described by Phillips and 
Boerma (1981). Streptomycin sulfate, penicillin G sodium, and tartaric acid (disodium 
salt) were added to the SSLB at 31.25 ppm to prevent bacterial contamination. Culture 
maintenance included sterile transfers every 14-21 d. All cultures were grown under 
incubation lamps equipped with alternating black light and Gro-Lux bulbs set on 12 hr 
light and dark cycles at room temperature (22 ± 2 ˚C). 
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Procedures Common to Multiple Experiments 
Inoculum Production 
Following transfer to a new SSLB plate, fungal growth was allowed for 14-21 d. 
A portion of the transfer plates were used to create inoculum plates. After growth for 14-
21 d, 5 mL of dH2O were placed into the transfer plate. Conidia were then lightly scraped 
loose using a sterile glass petri plate spreader. One to several drops of this conidial 
suspension, based on sporulation on the inoculum plate, were transferred to a new 
inoculum plate. A petri dish spreader was used to uniformly spread the conidia for 
maximum sporulation. Inoculum production was begun when inoculum plates were 10-
14 d in age. Ten mL of dH2O were added to each inoculum plate. The surface of the 
fungal growth was lightly scraped in a similar fashion and the solution was filtered 
through 2 layers of cheesecloth for mycelia removal into a vial. The conidial suspension 
obtained from multiple inoculum plates was adjusted to an 8 to 9 x 107 conidia L-1 
suspension using a hemacytometer. The production of this inoculum was always timed so 
that inoculum preparation occured on the day of seedling inoculation. A portion of this 
conidial suspension was also used to check sporulation of the suspension, to ensure 
viability of the inoculum. 
 
Seedling Production, Inoculation, and Rating 
Multiple seed of each PI, line, F1, or F2 were planted in 10 cm square, extra deep 
plastic pots filled with Premier ProMix® BX potting soil (Premier Tech Horticulture, 
Quakertown PA). When most plants had reached the V2-V3 growth stage (Fehr and 
Caviness, 1979), the fully-expanded first trifoliate leaf was inoculated on the abaxial and 
25 
  
adaxial leaf surface with a conidial suspension using a Propel® compressed air atomizer 
(Badger Air-Brush Co., Franklin Park IL). Inoculation was approximately 1 mL per 
trifoliate. The requirement for inoculation of a fully-expanded leaf is essential to ensure 
identification of ‘spreading’ lesions versus small flecks indicative of a hypersensitive 
response. Upon inoculation, plants were placed in three Percival® dew chambers 
(Percival Scientific, Fontana WI), by block, for 48 hr.  Flats of pots were then transferred 
to greenhouse benches equipped with a plastic canopy and with a misting system, 
emitting a fine mist of dH2O for 15 s every 15 min. The canopy was constructed using a 
PVC pipe as a frame and heavy duty plastic sheeting as the canopy material. Each day, 
the canopy was raised for air exchange for 3 hr in the morning. Flats of pots were watered 
as needed. At 14 d ratings for FLS reaction were made. The cultivar Blackhawk exhibits 
extreme susceptibility and indicated effective inoculation. For this study a rating system 
was developed using a scale of 1 to 5, although the Southern Soybean Disease Workers 
utilize a scale of 0-9 where 0 = no disease and 9 =  90% leaf tissue disease. Five category 
scales have been found to provide comparable accuracy to both direct estimates of 
disease severity and the Horsfall and Barratt scale midpoints (Slopek, 1989). The five 
category scale was an attempt to improve reliability. Ratings were based on the 
following: One was absence of lesions, two was a few small flecks, three was a few small 
lesions, four was a few large lesions, and five equated to many large spreading lesions 
(Figure 3.1). Reaction of Blackhawk in theory, should have always rated a five unless 
inoculation was not effective. 
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Population Development and Nomenclature 
Selected PIs and cultivars of known resistance or susceptibility were selected as 
parents for this research. Selected PIs were listed in numerical order and arbitrarily 
assigned alphabetic characters from A to T excluding O (Table 3.1). Other parental 
donors of known source resistance or susceptibility were ordered Blackhawk, Lincoln, 
Kent, Davis, Peking, Lee, Ransom, and Stonewall and were assigned numeric characters 
1 to 8. Progeny of a cross was then referred to as A1 or 1A dependent on the female 
donor which was always the first character. For progeny resultant of a cross carried 
beyond the F2 another number was added to identify the plant from which the line came, 
i.e. A1-1 for the F2:3 family from the number 1 F2 plant of the PI 209322 × Blackhawk 
cross (A1). Populations (POPs) derived from these crosses will also be referred to as POP 
A1, POP A2, POP A3, etc. Parents were planted in the crossing nursery of J.R.Smith, 
USDA-CGRU, at Stoneville, MS in 2009 across a range of planting dates.  
Manual crosses were made between parental lines. F1 seed was collected from 
each putative cross. The F1 seed was transferred to Puerto Rico in the fall of 2009 and 
planted for F2 seed production. Subsequent F1 plants were rogued according to expected 
morphology. F2 seed was collected and packaged from each F1 plant. Each package of 
seed was also evaluated for proper morphological characteristics where possible to ensure 
seed was not resultant of self-fertilization of the original female parent plant. 
 
Tissue Sampling and DNA Extraction 
Tissue samples were collected throughout the entirety of this research, from all 
parents, F2 plants of all populations, and selected plants of each of the F2:3 families 
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within each population. Young, actively growing leaflets from the top of the plant were 
carefully clipped from the petiole with semi-sterile shrub clippers rubbed with alcohol 
between plants. Young leaves were preferentially selected because these tend to be free 
of disease and/or pests as well as contain more DNA per unit of leaf tissue than non-
growing leaves. Samples were lightly rolled and placed into appropriately labeled vials. 
Special precaution was taken to ensure the proper sample was placed into the correct vial. 
As trays of vials were filled they were placed on ice for transfer to the lab for further 
processing. Tissue samples were transferred to the lab of J.D. Ray, USDA-ARS CGRU, 
where they were freeze dried in a Model 2400 freeze dryer (The Freeze Dry Company, 
Nisswa, MN 56468, USA). After freeze drying, samples were placed in a tissue 
pulverizer (Garcia Manufacturing, Visalia, CA 93292, USA) to grind the tissue to a 
powder suited for automated DNA extraction. Following pulverization, samples were 
stored in a cold room at 4˚C until DNA isolation and the remainder of the sample was 
maintained similarly after the procedure in the event more tissue was needed.  
DNA was isolated using a Maxwell 16® System (Promega, Madison, WI 53711, 
USA) and following the manufacturer’s protocols utilizing the Maxwell 16® Tissue DNA 
Purification Kit and the recommended 25 µg of freeze dried, ground soybean leaf tissue. 
The pure DNA sample retrieved from the Maxwell 16® was then analyzed for 
concentration using a µQuant® Microplate Spectrophotometer (BioTek Instruments Inc., 
Winooski, VT, USA 05404) and adjusted to 100 ng for a stock solution. Working 
solutions, further adjusted to 12.5 ng, were created to maintain integrity of stock DNA 
samples. Stock solutions were stored in a freezer at -40 ±2˚C and were removed only to 




Evaluating Extent of Resistance within Chosen PIs 
The objective of the first experiment was to elucidate the extent of resistance 
identified by Mengistu et al. (2011) in race-specific screenings in Missouri and Illinois as 
well as natural pathogen populations in Tennessee. Six isolates of the newly proposed C. 
sojina Race Classification are native to the US and represent the majority of the 
variability of C. sojina there (Mian et al., 2008). An isolate of each was obtained from the 
UGA under permit by the USDA-APHIS permit (# P526P-09-00849) for interstate 
movement.  Seed of selected PIs (Table 3.1) were received from the USDA-ARS 
Soybean Germplasm Collection at Urbana, IL. The PIs were subjected to screening with 
the complete set of races set forth by Mian et al. (2008) in the hopes of clarification of the 
type and scale of resistance they carry. Further, similarities in reaction to these races may 
indicate similarities or differences between those chosen PIs and cultivars with known 
reaction to the races and their known resistance genes. Lincoln, Kent, and Davis are 
known to carry the Rcs1, Rcs2, and Rcs3 resistance loci, respectively. Lee, Ransom, and 
Stonewall are known to carry resistance to Race 5 of C. sojina, believed to be non-allelic 
to the Rcs3 and independent of one another. Peking is also an extensive source of 
resistance to many races of the pathogen, potentially due to an alternative resistant allele 
at the Rcs3 locus as well as another independent resistance locus. Blackhawk is the 
universal susceptible line and was included to ensure successful inoculation and efficient 
rating.   
In the summer and winter of 2009, three seed of each selected PI, seven cultivars 
with known resistance genes, and a universally susceptible cultivar were planted in 10 cm 
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square, 15 cm deep plastic pots. Phenotypic seedling screens, as discussed earlier, with 
each race were repeated twice. The experimental design was a randomized complete 
block (RCB) with three blocks. Blocks consisted of an entire set of genotypes which were 
inoculated on the same day and housed together within unique dew chambers and within 
mist chambers. Ratings of infection reaction were taken 14 d after inoculation. A second 
rating was conducted at 21 d. Ratings were based on a scale of one to five, where one is 
absence of lesions, two is a few small flecks, three is a few small lesions, four is a few 
large lesions, and five is many large spreading lesions. Reaction of Blackhawk should 
always have been rated a five. The scale was therefore based on reaction of known 
resistant and susceptible lines included in the screens. Images representative of the rating 
system are given in Figure 3.1. Ratings were subjected to Dunnet’s Mean Comparisons to 
the susceptible check using PROC MIXED in SAS (SAS Institute, Cary, NC 27513, 
USA). Those PIs exhibiting a mean reaction score significantly lower than Blackhawk 
were considered resistant. Following screening, PIs were assessed for resistance scope 
and ease of screening. Some PIs exhibited difficulty in handling during the screening 
process, with increased vining and high mortality. Therefore, some were discarded in 
order to reach a manageable number; only those with the widest resistance and 
possessing agronomics conducive to the screening process were chosen to be used in the 
research.  
 
Inheritance of Resistance of Selected PIs 
Based on results of Experiment 1, one C. sojina isolate was chosen for inheritance 
studies based on reaction ratings and virulence. The preferred isolate was Race 5, as it is 
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virulent pathogen, easy to culture, and the dominant isolate used in FLS screening 
research. A single-spore isolate was developed and used in seedling screens in 
Experiment 2. To date, most known Rcs genes behave as single dominant genes. By 
crossing PI (resistant) × Blackhawk (susceptible) all F1 plants are expected to be 
heterozygous resistant genotypes, based on dominance of a single gene. Further, the F2 
plants were expected to segregate in a 3:1 ratio of phenotypically resistant to susceptible 
if indeed the inheritance involves a single dominant gene. Finally, a resistant F2 plant is 
expected to either breed true for resistance or continue to segregate, confirming the single 
dominant gene theory. 
Progeny of each parental cross were handled individually as a breeding 
population. Seed of each of the F1 generations was planted in the fall of 2009 in a winter 
nursery in Puerto Rico under supervision of Dr. J.R. Smith. Seed from all F1 plants was 
collected, packaged by individual plant, and held for planting in 2010. In the spring of 
2010, seed of the F2 generation was planted and screened as previously mentioned in the 
phenotypic seedling screening procedure, with one seed per 10 cm square pot and 
randomly numbered. Plantings were made according to the F1 plant number and 
approximately 300 seed per F1 plant were planted for each of 3 F1 plants for each 
population. Parents, both resistant and susceptible, were also included in the screening. 
Following visual rating of the phenotype, the F2 plants were then tagged and transferred 
to the field for seed production. Due to prolonged heat and drought at the time of 
transplant, not all F2 plants that were screened survived and reproduced. Following 
transplanting to the field of the F2 plants, all efforts were made to ensure seed production. 
Plants were etiolated and had thin cuticles as a consequence of greenhouse growth. The 
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F2 plants were staked and tied on 30 cm in-row spacing on beds 102 cm between-row 
spacing. Once transplanted, plants were hand watered; irrigation followed on 7 d intervals 
from that point on. At maturity, pods with the corresponding tags from surviving plants 
were collected and placed in labeled bags. Seed was stored in a cold room until time 
permitted removal from pods.  
The F2:3 seed was utilized in a greenhouse screening in the winter of 2010, 
planted in a plant-to-row fashion in flats in the greenhouse to facilitate the seedling 
screens. Seed quality was less than ideal due to inclement weather conditions at and 
following transplant and during seed fill stages. Several plantings illustrated the necessity 
of treating the seed with a fungicide seed treatment prior to planting to control Phomopsis 
spp.  Captan (N-trichtoromethylthio~cyclohexene-1,2-dicarboximide), a contact 
fungicide known to suppress Phomopsis longicolla Hobbs, was applied at approximately 
158.8µg per seed.  From those F2 plants that survived screening and transplant and 
produced viable seed, five seed were planted into each of five plastic pots. Upon 
emergence and where possible, this number was thinned to the visibly healthiest 15 
plants. These 15 plants constituted an F2:3 family for each of the represented F2 plants. 
These seedlings were screened in the same manner as mentioned before. Seventy-five F2 
plants within POP 1E (Blackhawk × PI 398993) survived screening, transplant, and 
produced seed for F2:3 family resistance screening. One hundred seventy-nine F2 plants 
of POP 1F (Blackhawk × PI 399068) survived to be screened as families. Populations 1G 
(Blackhawk × PI 407974 A) and 1J (Blackhawk × PI 424137 B) were put on hold due to 
the large number of samples currently under investigation. 
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Ratings of both F2 and F2:3 screenings were taken at 14 d after inoculation, also 
on a scale of 1 to 5. Following evaluation of the number of individuals at each rating 
level in the F2 generation, any rating of two or greater was considered susceptible. 
Reaction of both F2 individuals and F2:3 families were subjected to the Chi-
SquareGoodness-of-Fit Test. For the F2 individuals, this statistical test was evaluated for 
each subsample of F2 plants derived from one individual F1 as well as across all three 
subsamples of F2 plants derived from different F1 plants for that POP. Due to difficulty 
in determining phenotypic response of some individuals, some F2 phenotypic 
classifications were based on F2 ratings as well as F2:3 ratings.  
 
Molecular Techniques 
Simple Sequence Repeats 
Primer sequences for all Simple Sequence Repeats (SSRs) were obtained from 
SoyBase (http://soybase.org/resources/ssr.php) as developed by Cregan et al. (1998). 
These primers were manufactured and tagged with either a hexachlorofluorescein (HEX) 
or 6-carboxylfluorescein (FAM) 5'-fluorescent label (Integrated DNA Technologies 
(Coralville, IA 52241, USA). Amplification was performed using the MJ Research PTC 
225 (Biorad, Hercules,CA 94547, USA). The PCR amplification followed the procedure 
outlined on Soybase and utilizing conditions of 95˚C for 120 s (initial denaturation); 33 
cycles of 92˚C (denaturation), 46˚C (annealing), 68˚C for 30 s each (extension); and one 
cycle of 72˚C for 300 s (final extension). Samples were stored at 4˚C until detection to 
prevent degradation. Detection of PCR amplicons utilized an ABI 3730 DNA analyzer 
(Applied Biosystems, Foster City, CA 94404, USA) at the USDA-ARS Misouth Area 
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Genomics Facility at Stoneville, MS. GeneMapper 3.7 (Applied Biosystems,  Foster City, 
CA 94404, USA) was used to analyze the generated products. 
Nearly all of the molecular research associated with FLS resistance genes has 
focused on chromosome 16 (MLG-J) of soybean. Simple sequence repeat (SSR) markers 
were chosen based on findings in previous studies on locations of selected resistance 
genes (Missaoui et al., 2007; Yang et al., 2001; Jijun et al., 1999; Filho et al., 2002). 
Parents were initially screened for polymorphic SSRs on chromosome 16 (MLG-J). The 
selected SSRs are listed in Table 3.3. Population extremes, including the 44 most 
susceptible and 44 most resistant individuals and parents were initially screened with 
polymorphic SSRs and amplicons were recorded. Extremes were combined with parental 
genotypes and water blanks to allow for efficient use of a single full 96 well plate for 
screenings. This initial screening was conducted to provide preliminary information as to 
the location of any putative resistance genes. For populations in which marker analysis 
indicated a different location for gene(s) of interest, 108 polymorphic SSRs spaced 
periodically across chromosomes were then utilized to determine potential locations. All 
remaining genotypes within the F2 generation were subjected to SSR screening once 
candidate regions were identified. Amplicons were tallied by classification according to 
parental alleles and checked for segregation distortion.  
 
Single Nucleotide Polymorphisms  
Single nucleotide polymorphisms (SNPs) were also utilized in an effort to identify 
genic location. Primer sequences for all SNPs were originally obtained from SoyBase 
(http://soybase.org/resources/snp.php). SNP techniques were KASP (Kompetitive Allele 
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Specific PCR) based. KASP genotyping utilizes competitive allele-specific primers and 
proprietary FRET (fluorescence resonance energy transfer) cassettes. The PCR 
amplification was as follows: 95˚C for 200s; 35 cycles of 94˚C for 30s followed by 46˚C 
for 30s followed by 72˚C or 30s; followed by 72˚C for 500s; and 4˚C until detection. 
Detection of SNPs followed the Allele Specific Primer Extension (ASPE) assay (Lee et 
al., 2004). SNP allele detection was performed with a Roche® 480 LightCycler (Roche 
Applied Science, Indianapolis, IN 46250, USA). The Roche® 480 LightCycler 
determined the alleles by detecting the allele-specific fluorescence. The same population 
extremes, including the 44 most susceptible and 44 most resistant individuals, and parents 
were screened with polymorphic SNPs and allele classifications were recorded. The 
initial screening was conducted to indicate preliminary information as to the location of 
the putative resistance gene. Later, analysis of the remainder of the F2 individuals within 
each population was conducted. Amplicons were tallied by classification according to 
parental alleles and checked for segregation distortion.   
 
Marker Data Analysis 
Allele classifications were made based on parental types for SSR amplicon size 
and SNP fluorescence. Allele classifications were tallied and evaluated for marker 
segregation distortion. Where distortion was present, closer inspection of the 
electropherograms generally resolved the issue. 
Both preliminary and whole-population marker data were subjected to PROC 
FREQ in SAS (SAS Institute, Cary, NC 27513, USA) to determine if SSRs and SNPs 
were associated with observed phenotypes classified as R (resistant) and S (susceptible). 
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Fisher’s Exact Values were generated in this single marker analysis to determine 
significance of association of individual markers with phenotype, independent of one 
another. SSR and SNP data coded with ordinal phenotypic data were also subjected to 
PROC CORR in SAS to generate Pearson’s Correlation Coefficients. The Pearson’s 
Coefficient was utilized to gauge the magnitude of influence the allele had on the 
phenotype. 
Following SSR and SNP detection and analysis, marker and data phenotype were 
utilized to determine the position of the putative resistance gene with JoinMap® 4 
software (Kyazma B.V., Wageningen, Netherlands; Van Ooijen 2006). The software uses 
linkage analysis to assign an order of markers and the phenotype relative to one another 
at varying LOD scores. JoinMap 4 uses the Kosambi function to create the genetic 
linkage maps. The Kosambi function assumes some interference between crossovers in 
meiosis as well as occurrence of double crossovers, often resulting in better fit of 
mapping data (Vinod, 2011). The genetic maps generated in JoinMap were compared to 
maps previously compiled by other scientists for resistance genes on chromosome (MLG-
J) (Mian et al., 1999; Yang et al., 2001) as well as the published Soybase maps 
(http://soybase.org/resources/ssr.php).  The marker data was also analyzed with 
MapQTL® 6 (Kyazma B.V., Wageningen, Netherlands; Van Ooijen 2009). MapQTL 
analyzes phenotypic data in a quantitative fashion to determine relative influence of 




Table 3.1   PIs, arbitrary ID character, putative resistance gene, country of origin, and 
maturity group of germplasm acquired from UM Delta Center. 
 
Parent ID Rcs Gene Origin a Maturity Group 
PI209332 A - Japan IV 
PI360847 B - Japan IV 
PI398331 C - South Korea V 
PI398833 D - South Korea V 
PI 398993 E - South Korea III 
PI 399068 F - South Korea III 
PI407974-A G - South Korea III 
PI408192-2 H - South Korea V 
PI408250 I - South Korea V 
PI424137B J - South Korea V 
PI424376b K 3 South Korea VI 
PI424595b L 3 South Korea VI 
PI458175 B M - South Korea IV 
PI458199 N - South Korea IV 
PI471931 P - Nepal V 
PI509098 Q - South Korea V 
PI567774 B R - China III 
PI592980 S - China IV 
PI594401 C T - China III 
BLACKHAWK (PI548516) 1 None IA, US I 
LINCOLN (PI548362) 2 1 IL, US III 
KENT (PI548586) 3 2 IN, US IV 
DAVIS (PI553039) 4 3 AR, US VI 
PEKING (PI438497) 5 3, Peking US III 
LEE (PI548656) 6 Lee MS, US VI 
RANSOM (PI548989) 7 Ransom NC, US VII 
STONEWALL (PI531068) 8 Stonewall AL, US VII 
 
a Geographic origin of genotype. 




Table 3.2   Cercospora sojina isolates of new proposed race classifications. 
 
UGA Isolate Identifier Origina New Race Designationb 
S1 BG GAES R14 
S5 GAES 5 GAES R5 
S7 GAES 7 GAES R6 
S22 China 3 China R7 
S23 China 4 China R8 
S48 PR8/85-B Brazil R13 
S52 MT13/88-B Brazil R10 
S59 MA1/88-B Brazil R11 
S102 94-Valley-PK MS R9 
S127 Williamson County IL R15 
S130 Prichard RR Sharp Farm SC R12 
 
a GAES = Georgia Agricultural Experiment Station. 





Figure 3.1   Frogeye leaf spot (FLS) reaction rating and picture with associated lesion 




Description: No lesions, no flecks. 
 




Description: Few small flecks 
 




Description: Few small lesions 
 




Description: Few large spreading lesions 
 




Description: Numerous, large spreading lesions 
 






Table 3.3   Polymorphic SSRs and SNPs near the Rcs3 locus on Gm16(Lg-J) of soybean. 
 
Markera 
Map Position (cM) 
GmComposite2003b GmConcencus40c Wm82 x PI468916 d 
SNP_358 - 2.34 - 
SNP_359 3.81 4.91 2.718 
Satt249 11.74 10.554 - 
Sat_228 23.91 22.966 - 
SNP_362 - 34.78 - 
Satt132 39.18 43.689 - 
Sat_165 42.2 46.095 - 
Satt622 42.25 46.105 - 
Satt215 44.08 47.364 - 
SNP_366 52.8 60.93 66.404 
Sat_366 52.84 57.95 - 
Satt620 53.71 - - 
Satt621 53.68 - - 
Sat_350 55.73 - - 
SNP365 - 58.39 - 
SNP170  66.85 - 
Sctt011 62.88 68.809 - 
Satt244 65.04 70.70 - 
SNP367 - 71.56 - 
SNP_368 - 72.48 - 
Satt547 67.79 74.90 - 
Sat_396 69.3 75.80 - 
SNP_171 72.86 76.61 89.186 
Sat_224 75.12 - - 
SNP369 - 78.97 - 
SNP492 77.33 - - 
Satt431 78.57 82.03 - 
SNP370 - 80.79 - 
SNP371 - 81.41 - 
Sat_394 89.43 - - 
Sat_395 89.48 89.926 - 
SNP_505 89.60 88.93 103.906 
Satt712 89.61 89.908 - 
 
a SNPs identified in Appendix A with Soybase BARC code. 
b GmComposite2003 is composite map (Song et al., 2004). 
c GmConcencus40 is sequence based map (Song et al., 2004). 






Seedling Resistance Assays 
Resistance to C. sojina has been documented in the literature to be conferred by 
three single genes: Rcs1 found in Lincoln conditions resistance to Race 1, Rcs2 found in 
Kent conditions resistance to Race 2, and Rcs3 in Davis conditions resistance to all 
known races. The resistance found in Davis, Rcs3, is utilized in most soybean breeding 
programs. Several other resistance genes have been cited in the literature including, but 
not limited to, those found in Peking, Stonewall, Ransom, and Lee. More recently, 
Hoskins et al. (2011) identified two unique FLS resistance loci; the Soybean Genetics 
Committee approved the resistance loci and named them Rcs4 and Rcs5 (A. Hoskins, 
personal communication, October 9, 2012).   
Soybean genotypes were selected based on resistance to both inoculations by 
Race 11 and field tolerance to natural populations of C. sojina in Tennessee (Mengistu et 
al., 2011). A subsample of selected soybean genotypes was tested for reaction to multiple 
races of Cercospora sojina. Isolates of the different races of C. sojina were selected to 
represent the majority of the pathogen’s variability within the US (Mian et al., 2008). 
Many races of the pathogen exist across soybean growing areas of the world. The 
University of Georgia currently maintains some 93 unique isolates. The recent cluster 
analysis by Mian et al. (2008) grouped these isolates into clades based on reactions of a 
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set of soybean differentials in an effort to facilitate more efficient and simpler genetic 
screening. The researchers found six isolates which encompassed the genetic variability 
of domestic isolates of the pathogen; and these domestic isolates were selected for use in 
the following research. 
Seedling screens were conducted in a Randomized Complete Block (RCB) 
design. Treatment was genotype and included genotypes exhibiting broad resistance in 
research conducted by Mengistu et al. (2011); sources of Rcs1, Rcs2, and Rcs3; and other 
resistance sources found in the literature: Peking, Ransom, Stonewall, and Lee. Blocks 
were collections of the genotypes grown, inoculated, and housed together throughout the 
screening procedure. The screens were conducted approximately 12 times, which 
included the six C. sojina isolates repeated at least two times each. Ratings were taken 14 
and 21 days after inoculation. Ratings were numerical values from 1 to 5 where 1 
indicated no lesions, 2 indicated a few small flecks, 3 indicated a few small lesions, 4 
indicated a few large lesions, and 5 indicated numerous spreading lesions (Figure 3.1). 
Data were subjected to PROC MIXED in SAS for analysis of variance to determine 
significance levels of main effects (SAS Institute, Cary, NC 27513, USA). Significance 
levels for the main effects are given in Tables 4.1 and 4.2 Data were also subjected to 
Dunnett’s Mean Comparison within PROC MIXED for comparisons of each genotype 
reaction mean reaction to the universal susceptible Blackhawk reaction mean. The mean 
of each genotype FLS reaction score averaged across both experiments and six 
replications is given in Tables 4.3 and 4.4 for the 14 and 21 d ratings. Included in the 
screening were seed from each parent. Results from statistical analysis are also shown in 
Tables 4.3 and 4.4. Most of the previous research investigating resistance to this pathogen 
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focused ratings at 14 days after inoculation (Mian et al., 2008). In addition, the criterion 
on which the resistant and susceptible classifications are placed varies. For the most part, 
historical rating scales are qualitative, either resistant (R) or susceptible (S), and are 
rather subjective. For instance, Mian et al. (2008) documented susceptibility with 
‘numerous, predominately large lesions with light centers and dark margins’ and 
conversely resistance with ‘no lesions or only flecks or predominately small lesions 
without clearly differentiated light centers’. Others have classified plants as resistant 
when they exhibited either no lesions or only small flecks (Phillips and Boerma, 1991; 
Pace et al., 1993; Yang et al., 2001). Results of research may look different under the two 
rating systems described above. Tables 4.3 and 4.4 provide qualitative FLS reaction 
ratings where genotypes are considered resistant if in both the 14 d and the 21 d ratings 
the mean FLS rating score is below 2.33 which corresponds the lowest mean FLS 
reaction score of ‘Blackhawk’ in any experiment. The adjusted qualitative scores are 
more closely aligned with the rating system common to the literature. 
 
Race 5 (S5) 
Significant differences were seen among genotypes for the 14 d ratings of FLS 
reaction following inoculation by Race 5 (Table 4.1). Blackhawk infection levels were 
rated at a 3.20, indicative of moderate infection denoted by numerous small lesions 
(Table 4.3). Twelve of the eighteen selected PIs exhibited resistance to Race 5 (Table 
4.3). Three genotypes succumbed to the harsh phenotyping conditions and perished prior 
to the 14 d rating. Three more PIs were scored at a level which was not significantly 
different than the score of Blackhawk. For the known sources of resistance, Davis, 
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Lincoln, Peking, and Stonewall were resistant to Race 5. Kent, Lee, and Ransom showed 
susceptibility as defined by a mean FLS score not different than that of Blackhawk. 
No significant differences were seen with any of the main effects for the race 5 21 
d ratings (Table 4.2). However, means of fourteen of the PIs indicated resistance to Race 
5 when means were compared directly to the mean score of Blackhawk in the Dunnett’s 
Mean Comparison procedure. The mean rating of Blackhawk had increased to a rating of 
3.60 at 21 d, indicative of spreading lesions. The same 3 PIs were absent from the ratings 
as in the 14 d rating discussion. Only one of the PIs in question, PI 458199, was 
susceptible to the isolate of race 5. Lee and Ransom were the only known sources of 
resistance to the pathogen found susceptible in the 21 d ratings. Davis, Kent, Lincoln, 
Peking, and Stonewall showed little to no sign of infection by Race 5. 
By adjusting the scores discussed above to qualitative scores more commonly 
seen in FLS research, only one PI, namely PI458199, exhibited susceptibility to Race 5 
(Table 4.3). Blackhawk and Lee, of the well-described genotypes, were found to be 
susceptible. Davis, Kent, Lincoln, Peking, Ransom, and Stonewall would be considered 
resistant on these criteria. These results match those put forth by Mian et al. (2008) in 
which Lincoln and Kent exhibited resistance to Race 5. However, Lee was found 
susceptible which differs from the results put forth by Mian et al. (2008). The numerical 
rating system indicated Lee, Kent, and Ransom at 14 d as well as Lee and Ransom at 21 d 
as susceptible lines. However, adjusted qualitative values classified all genotypes as 
resistant except Lee.  
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Race 6 (S7) 
Significant differences were seen only for the main effect genotype with 14 d 
ratings. It should be noted that inoculation with Race 6 was unsuccessful at evoking an 
acceptable reaction in Blackhawk with an acceptable level of confidence. The mean 
Blackhawk infection was scored at 2.33, falling between small flecks and small lesions. 
However, PI 471931 and Kent exhibited many spreading lesions, with mean ratings of 
4.00 and 3.50, respectively. For this reason, mean comparison by Dunnett’s Mean 
Comparison utilized PI 471931 as the susceptible reaction (Table 4.3). Blackhawk was 
considered an escape and not included in the mean comparison. Another PI, PI 360847 
was found to be susceptible. Sixteen PIs were found resistant. Kent was the only known 
source of resistance found susceptible to Race 6 in this research.  
At 21 d, significant interaction was observed with experiment by genotype by 
block. This interaction is likely the result of unsatisfactory infection following 
inoculation on Experiment 2. Ratings at 21 d for the first experiment showed Blackhawk 
scored at a 4.00, whereas the second experiment was only found to be a 1.33 (Table 4.5). 
The second experiment can be considered unsuccessful, whereas data from the first 
experiment appeared much more reliable. Only one PI was susceptible to Race 6 in the 21 
d ratings in Experiment 1. Kent was the only known source of resistance found 
susceptible to Race 6 here (Table 4.5).  
When ratings from this research were adjusted to qualitative reactions (Table 4.3), 
results were similar to that mentioned above. PI 471931 and PI 592980 in the 
investigated PIs and in Kent in the known resistance sources exhibited susceptibility. 
Considering the 14 d, the 21 d ratings, and the adjusted call, data indicated that Race 6 
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could be environment-sensitive and that the timing of Experiment 1 was more conducive 
to infection; also, the data suggested that under these conditions Race 6 required slightly 
longer for symptoms to occur. Therefore, the results for Race 6 screenings should not be 
viewed with the level of confidence as the other races in this research. Results support the 
resistance seen in Lincoln and Lee to Race 6; the results contradict the resistance of Kent 
to Race 6 (Mian et al., 2008). However, published research has found contradicting 
reactions of Kent, at least to C. sojina Races 2 and 5 (Table 2.1). Due to mild infection in 
part of the screenings with this isolate, further studies evaluating resistance to Race 6 are 
required. However, susceptibility was seen in both experiments across 6 reps and a seed 
source error seems somewhat unlikely. Differing results likely reflect varying intensities 
of screening procedures utilized in this research and research documented in the 
literature. 
 
Race 9 (S102) 
Significant differences were seen in the main effect of genotype for 14 d ratings 
of FLS reactions to inoculation by Race 9 (Table 4.1). Blackhawk infection was 
acceptable with the mean infection scored at 3.17. Fourteen PIs had lower mean reaction 
scores than that of Blackhawk at 14 d; four were found to have FLS reaction scores 
similar to that of Blackhawk. Lee and Lincoln were found to be susceptible to Race 9. 
Davis, Kent, Peking, Ransom, and Stonewall were found to be resistant by a 14 d rating. 
At 21 d, significant differences were not seen with any main effect (Table 4.2). 
However, in direct mean comparisons to Blackhawk, PI 458199 was found susceptible by 
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21 d ratings. Blackhawk infection had increased markedly to a 4.50 mean reaction score. 
Lee and Lincoln again were scored similar to Blackhawk at this rating date.  
Adjusted values, where a genotype is qualitatively scored resistant if the mean of 
a genotype falls below 2.33, classified four PIs as susceptible. Lee and Lincoln were also 
placed with Blackhawk in the susceptible cultivars. Again, a discrepancy exists between 
these results and those found in the literature. This research places Lee in the susceptible 
category where that of Mian et al. (2008) places it in the resistant category. Lee exhibited 
a mean reaction score at 14 d of 2.83 and at 21 d a score of 3.33.  The discrepancy could 
result from both the testing conditions and the criteria for resistance. Given a less 
conducive environment for disease development, utilization of only a 14 d rating, and a 
slightly higher threshold for susceptibility, Lee could potentially fall in the resistant 
category. However, compared to other genotypes that were resistant when evaluated in 
the study, Lee was more susceptible. 
 
Race 12 (S130) 
At 14 d, significant differences in mean FLS reaction were seen only with the 
main effect of genotype. The mean FLS reaction score of Blackhawk was 3.67, indicative 
of numerous, small to large, spreading lesions. Ten PIs were resistant to Race 12; 8 were 
susceptible. Davis, Peking, and Ransom were resistant genotypes within the known 
sources. Kent, Lee, Lincoln, and Stonewall were found to be susceptible. 
One week later, a similar situation remained and significant differences were 
again observed between genotypes. The mean FLS reaction score of Blackhawk had 
progressed to a 4.50, indicative of very heavy FLS infection. All PIs were found to be 
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resistant to Race 12. Kent, Lee, and Lincoln were comparable to Blackhawk in mean FLS 
reaction score. Davis, Peking, Ransom, and Stonewall were resistant to infection by C. 
sojina Race 12.  
Adjusted values of FLS reaction to Race 12 indicated two PIs included in the 
screening to be susceptible. Kent, Lee, Lincoln, and Stonewall were also grouped into the 
susceptible category. Mian et al. (2008) found both Lee and Lincoln to be susceptible to 
Race 12 in their research. Again, this research was conducted under conditions likely 
much more favorable for infection in the 2 weeks post inoculation. This fact could likely 
explain why our finding of susceptibility of Kent to Race 12 differs from that in which 
Mian et al. found Kent resistant. At 14 d, the mean FLS score of Kent was a 3.00 and at 
21 d the means score had increased to 3.67. Both the magnitude of the two scores as well 
as the spreading nature indicated by an increase in mean FLS reaction score seem to 
support the finding of susceptibility within the cultivar. Also worth noting is the fact that 
the mean score of Kent was still lower than both Lincoln and Lee at both 14 and 21 d, 
possibly indicating a slower, less severe reaction.  
 
Race 14 (S1) 
Significant differences were observed among genotypes for FLS reaction scores 
both at 14 d and 21 d after inoculation by Race 14 of C. sojina. At 14 d, all PIs 
investigated had a mean FLS score below that of Blackhawk with the exception of PI 
458199. The mean score of Blackhawk was 4.67, illustrating just how heavy the infection 
was. For the known sources of FLS resistance, Lee and Lincoln were found to be 
susceptible to Race 14. Davis, Kent, Peking, Ransom, and Stonewall were found to be 
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resistant. At 21 d, two PIs were comparable in mean FLS score to that of Blackhawk. 
Infection of Blackhawk at 21 d was 4.50, comparable to the 14 d rating. Lincoln was also 
susceptible; all plants of Lee died prior to 21 d rating and consequently could not be 
scored.  
Adjusted ratings of resistance or susceptibility to Race 14 placed 4 PIs in the 
susceptible category. The remaining 14 were classified as resistant. Lee and Lincoln were 
categorized as susceptible; Davis, Kent, Peking, Ransom, and Stonewall were all found to 
be resistant. This data supports the findings of other scientists (Mian et al., 2008). PI 
209332 was found to be resistant at 14 d and susceptible at 21 d. Data suggest that the 
variety may exhibit slow infection, but ultimately will succumb to infection and therefore 
should be classified as susceptible to Race 14. PI 567774B was not found to be similar to 
Blackhawk in mean FLS reaction score at either rating date. However, at 14 d the mean 
rating score was 3.00, indicative of numerous small lesions. For this reason it was also 
adjusted to susceptible.  
 
Race 15 (S127) 
No significant differences were seen at 14 d for any main effects on mean FLS 
reaction score. However, mean comparisons directly to Blackhawk showed all PIs as 
resistant. Blackhawk infection was rated at a 3.50, falling between numerous small to 
several large spreading lesions. The cultivar Lee also showed significant symptomology 
and scored comparable to Blackhawk. For 21 d ratings, the interaction effect of 
experiment by block and the main effect of genotype showed significant differences. The 
experiment by block interaction is likely due to variance encountered during the different 
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experimental evaluations. PI 458199 scored higher at 21 d, moving from a mean of 2.00 
to a mean of 2.40, and was therefore found to be comparable to Blackhawk. Lee again 
was found to be susceptible. Davis, Lincoln, Kent, Stonewall, Ransom, and Peking were 
found to be resistant. 
When adjusted to a qualitative score, PI 458199 and Lee were classified as 
susceptible. All others, except Blackhawk, were classified as resistant. Other research has 
classified Lincoln as susceptible to Race 15 (Mian et al., 2008). In this research, Lincoln 
was never rated in a manner indicative even of small flecks. The discrepancy could be 
due possibly to a pathogen by host by environment interaction. An alternate explanation 




Differences were seen between the genotypes screened both within each race and 
across races of the pathogen. Eleven of the eighteen PIs screened were classified as 
resistant to all 6 domestic races of C. sojina. Three of the PIs were susceptible to only 
one race; three were susceptible to two races. One PI, PI 458199, was susceptible to five 
of the six races; it is possible that this race was an escape in the previous research by 
Mengistu et al. (2011). Blackhawk was susceptible to all races. Of the known sources of 
resistance, Davis, Peking, and Ransom were resistant to all races of the pathogen. 
Lincoln, the source of Rcs1, was found to be susceptible to races 9, 12, and 14. Kent, the 
source of Rcs2, was found to be susceptible to Races 6 and 12. Lee was found to be 
resistant to only races 5 and 6. Stonewall was found to be susceptible to Race 12. By 
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evaluating the PIs by reaction to the isolates, PI 471931 and PI 592980 seem to have a 
similar genetic FLS resistance, conferring resistance to all races except Race 6. Also, PIs 
408192-2 and 567774 B have similar resistance, both exhibiting resistance to Race 9 and 
14. Of the 11 illustrating resistance to all domestic races, four were selected based on 
agronomic characteristics to facilitate further screening and genetic experiments. These 
PIs were: PI 398993, PI 399068, PI 407974 A, and PI 424137 B. 
 
Conclusions 
Several PIs screened in this research putatively carry genes conditioning 
resistance to the six domestic races of C. sojina set forth as containing the majority of the 
pathogen variability in the United States (Mian et al., 2008). Two PIs, 398993 and 
407974 A, exhibited significantly lower mean reaction scores to inoculation by races 5, 6, 
9, 12, 14, and 15 at both 14 and 21 d than susceptible lines. PIs 398831, 399068, 424137 
B, and 594401 C showed lower reaction scores than susceptible lines to races 5, 6, 9, 12, 
14, and 15 at 14 d; these PIs were no different than the susceptible lines to Race 6 at 21 d 
in one of the two experiments with light infection. However, all of these PIs had lower 
mean reaction scores at 21 d in the experiment with heavy infection. These PIs should not 
be dismissed as sources of resistance. Other notable PIs are 209332, 408250, 509098, 
408192-2, 458175 B, and 567774 B. These PIs exhibit high levels of resistance to C. 
sojina within the US. However, PI 458199 can be dismissed from further studies because 
this research indicates that it is not a potential source of resistance to the pathogen. 
Davis and Peking, putatively carrying the Rcs3 locus, exhibited resistance to all 
races of C. sojina used in this research. Ransom, a documented source of resistance that 
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is non-allelic to Rcs3, also showed resistance to all races used in the study. Stonewall was 
found to be resistant to Races 5, 6, 9, 14, and 15. Lincoln, the Rcs1 source, was found 
susceptible to races 9, 12, and 14 and resistant to races 5, 6, and 15. The discrepancy 
between the literature and the current research regarding resistance of Lincoln to race 15 
needs further evaluation. A few possible explanations exist. One possibility could be the 
environment in which the screening was conducted and therefore a complex genotype-
by-pathogen-by-environment interaction. A second possibility could simply be escapes in 
each rep of each experiment of Race 15. Results for Kent, the source of Rcs2, were also 
different from that seen in the literature. In this research, Kent was susceptible to races 6 
and 12. However, duplicity exists in published reactions of Kent to different races of C. 
sojina (Table 2.1). Last, but not least, is a discrepancy seen with the cultivar Lee. In the 
literature, Lee is resistant to race 5 and to race 9. However, in the screenings of this 
research, Lee was susceptible to both races. The most likely culprit for these 
discrepancies is the more intense screening procedure, favorable for infection and 
unfavorable for plant growth. Another plausible explanation for all discrepancies is the 




Table 4.1   Significance levels and interactions of main effects of 14 d reaction ratings 
following inoculation of soybean (Glycine max) with multiple races of 

















Experiment NS NS NS NS NS NS 
Genotype 0.0021 0.0301 0.0069 0.0014 NS 0.0252 
Experiment x Genotype NS NS NS NS NS NS 
Block NS NS NS NS NS NS 
Experiment x Block NS NS NS NS NS NS 
Genotype x Block NS NS NS NS NS NS 
Experiment x Genotype x Block NS NS NS NS NS NS 
 
a The PROC MIXED procedure was performed where the fixed effect is genotype; 
experiment and block as well as all interaction effects involving experiment and block 
are considered random effects. 
 
 
Table 4.2   Significance levels and interactions of main effects of 21 d reaction ratings 
following inoculation of soybean (Glycine max) with multiple races of 




Race of C. sojina 
R14 (S1) R5  (S5) 
R6  





Experiment NS NS 0.0005 NS NS NS 
Genotype 0.0251 NS 0.0084 NS 0.0190 0.0406 
Experiment x Genotype NS NS 0.0006 NS NS NS 
Block NS NS NS NS 0.0043 NS 
Experiment x Block NS NS 0.0207 NS 0.0400 NS 
Genotype x Block NS NS NS NS NS NS 
Experiment x Genotype x Block NS NS 0.0005 NS NS NS 
 
a The PROC MIXED procedure was performed where the fixed effect is genotype; 
experiment and block as well as all interaction effects involving experiment and block 




Table 4.3   Mean disease reaction scores at 14 and 21 days after inoculation of soybean 
(Glycine max) genotypes with Races 14, 5, and 6 of Cercospora sojina and 
corresponding results of Dunnett’s Mean Comparison procedure in relation to 
universal susceptible ‘Blackhawk’and adjusted qualitative reaction score. 
 
Genotype 
Race of Cercospora sojina  
R14 (S1) R5 (S5) R6 (S7)a 
14 d 21 d QRb 14 d 21 d QR 14 d 21 d QR 
PI209332 2.40*c 2.80 S 1.83* 1.83* R 1.00**d 1.00* R 
PI360847 1.25* 1.75* R - - R 2.00 2.00 R 
PI398331 1.17* 1.67* R 1.25* 1.50* R 1.20** 1.20 R 
PI398833 1.33* 1.00* R - - R 1.00** 1.00 R 
PI 398993 1.33* 1.83* R 1.00* 1.67* R 1.00** 1.00* R 
PI 399068 1.00* 1.17* R 1.00* 1.67* R 1.00** 1.17 R 
PI408250 1.17* 1.50* R 1.83* 2.00* R 1.80** 1.80 R 
PI424376 1.33* 1.33* R - - R 1.00** 1.00 R 
PI458199 3.20 2.80 S 2.75 3.00 S 1.75** 1.40 R 
PI471931 1.00* 2.17* R 1.17* 1.50* R 4.00 2.33 S 
PI509098 1.20* 1.60* R 1.60* 1.50* R 1.20** 1.40 R 
PI592980 2.00* 1.33* R 2.17 1.40* R 2.67** 2.00 S 
PI 407974 A 1.50* 1.83* R 1.00* 1.50* R 1.17** 1.00* R 
PI408192-2 2.17* 2.50* S 1.25* 1.25* R 1.00** 1.25 R 
PI 424137 B 1.40* 1.80* R 1.00* 2.00* R 1.17** 1.20 R 
PI458175 B 1.50* 2.17* R 2.00 2.00* R 2.00** 1.67 R 
PI567774 B 3.00* 2.00* S 1.50* 1.20* R 1.67** 1.33 R 
PI594401 C 1.80* 1.20* R 1.20* 1.20* R 1.00** 1.17 R 
Davis 1.00* 2.20* R 1.20* 1.80* R 1.00** 1.20 R 
Kent 1.25* 1.60* R 2.00 2.00* R 3.50 3.17 S 
Lee 3.83 - S 2.00 2.40 S 1.50** 1.50 R 
Lincoln 4.00 4.33 S 1.40* 1.50* R 1.33** 2.00 R 
MiniMax 3.33 3.33 S 2.50 3.00 S 2.33** 2.50 S 
Peking 1.00* 1.50* R 1.00* 1.50* R 1.00** 1.17 R 
Ransom 1.40* 2.00* R 1.75 2.00 R 1.00** 1.00 R 
Stonewall 1.00* 2.00* R 1.33* 1.00* R 1.00** 1.00 R 
Blackhawk 4.67 4.50 S 3.20 3.60 S 2.33 2.67 S 
 
a Race 6 inoculation of Blackhawk was unsatisfactory so PI 471931 was used as 
susceptible check. 
b Qualitative Rating where R=resistant if 14 d and 21 d mean reaction rating is below 
2.33. S= susceptible if 14 d and 21 d mean reaction rating is above 2.33. 
c Mean significantly lower (alpha ≦  0.05) than mean of Blackhawk denoted by *. 




Table 4.4   Mean disease reaction scores at 14 and 21 days after inoculation of soybean 
(Glycine max) genotypes with Races 9, 15, and 12 of Cercospora sojina and 
corresponding results of Dunnett’s Mean Comparison procedure in relation to 
universal susceptible ‘Blackhawk’and adjusted qualitative reaction score. 
 
Genotype 
Race of Cercospora sojina 
R9 (S102) R15 (S127) R12 (S130) 
14 d 21 d QRa 14 d 21 d QR 14 d 21 d QR 
PI209332 1.75*b 1.75* R 1.25* 1.00* R 2.00 2.50* S 
PI360847 2.00 2.00* R 1.17* 1.67* R 1.33* 1.50* R 
PI398331 1.33* 1.33* R 1.50* 1.50* R 1.00* 1.33* R 
PI398833 1.00* 1.00* R 1.00* 1.00* R 2.00 1.25* R 
PI 398993 1.17* 1.33* R 1.17* 1.25* R 1.25* 1.25* R 
PI 399068 1.00* 1.33* R 1.17* 1.00* R 1.17* 1.00* R 
PI408250 1.33* 1.67* R 1.33* 1.00* R 2.00 1.83* R 
PI424376 1.25* 1.50* R 1.00* 1.00* R 1.75* 1.67* R 
PI458199 3.17 3.20 S 2.00* 2.40 S 2.00 2.60* S 
PI471931 2.17 2.17* R 1.17* 1.60* R 1.60* 1.67* R 
PI509098 1.40* 1.60* R 1.25* 1.50* R 2.00 1.40* R 
PI592980 1.33* 1.17* R 1.00* 1.00* R 2.00 1.83* R 
PI 407974 A 1.50* 2.00* R 1.00* 1.00* R 1.40* 1.17* R 
PI408192-2 2.00 2.33* S 1.40* 1.33* R 2.00 1.80* R 
PI 424137 B 1.40* 1.40* R 1.60* 1.60* R 1.80* 1.80* R 
PI458175 B 1.83* 2.67* S 1.33* 1.20* R 1.60* 1.33* R 
PI567774 B 1.80* 2.60* S 1.17* 1.17* R 2.20 2.17* R 
PI594401 C 1.00* 1.60* R 1.00* 1.00* R 1.50* 1.00* R 
Davis 1.17* 1.17* R 1.00* 1.00* R 1.00* 1.17* R 
Kent 1.20* 1.20* R 1.67* 1.50* R 3.00 3.67 S 
Lee 2.83 3.33 S 3.50 3.50 S 3.17 4.17 S 
Lincoln 2.33 3.67 S 1.00* 1.00* R 3.75 4.33 S 
MiniMax 2.67 3.00 S 1.80* 1.50* R 3.25 2.80* S 
Peking 1.00* 1.00* R 1.00* 1.00* R 1.17* 1.00* R 
Ransom 1.50* 1.50* R 1.17* 1.33* R 1.50* 1.50* R 
Stonewall 1.67* 1.67* R 1.00* 1.20* R 2.50 2.60* S 
Blackhawk 3.17 4.50 S 3.50 3.33 S 3.67 4.50 S 
 
a Qualitative Rating where R=resistant if 14 d and 21 d mean reaction rating is below 
2.33. S= susceptible if 14 d and 21 d mean reaction rating is above 2.33. 




Table 4.5   Mean disease reaction scores 21 d after inoculation of soybean (Glycine max) 
with Race 6 (S7) and corresponding results of Dunnett’s Mean Comparison 
procedure in relation to universal susceptible ‘Blackhawk’. 
 
Genotype Experiment 1 Experiment 2 Mean FLS Reaction Score 
PI 209332 1.00*a 1.00 
PI 360847 2.00* - 
PI 398331 1.00* 1.50 
PI 398833 1.00* - 
PI 398993 1.00* 1.00 
PI 399068 1.00* 1.33 
PI 408250 1.00* 2.33 
PI 424376 1.00* - 
PI 458199 1.50* 1.33 
PI 471931 3.67 1.00 
PI 509098 1.33* 1.50 
PI 592980 2.33 1.67 
PI 407974 A 1.00* 1.00 
PI 408192-2 1.00* 1.33 
PI 424137 B 1.33* 1.00 
PI 458175 B 1.67* 1.67 
PI 567774 B 1.67* 1.00 
PI 594401 C 1.00* 1.33 
Davis 1.33* 1.00 
Kent 4.67 1.67 
Lee 2.00* 1.00 
Lincoln 2.33* 1.67 
MiniMax 2.67 2.33 
Peking 1.00* 1.33 
Ransom 1.00* - 
Stonewall 1.00* - 
Blackhawk 4.00 1.33 
 





PHENOTYPING AND CLASSICAL GENETICS 
 
F2 Generation and F2:3 Family Phenotyping 
During the screens, some PIs showed more agronomically favorable traits 
conducive to cultivation, i.e. emergence and vigor. Four PIs exhibited wide resistance and 
favorable agronomics. The lines PI 398993, PI 399068, PI 407974 A, and PI 424137 B 
were carried forth for population development. Manual crosses were made in the summer 
of 2009 between these PIs and the universal susceptible 'Blackhawk'. In all populations, 
Blackhawk was the female parent wherein the expected dominant resistance gene would 
be donated from the male parent. F1 seed was collected at maturity and was shipped to 
Puerto Rico for a winter generation in 2009. F1 plants were rogued according to predicted 
flower color in Puerto Rico. F2 seed was harvested by plant, bagged, and returned in the 
spring of 2010.  Where possible, seed was evaluated for hila color in an effort to further 
rogue self-pollinated plants. Seed was planted and screened in the same manner as 
described in the parental screenings. For the F2 phenotyping, however, plants were only 
inoculated with Race 5 of C. sojina, which appeared more virulent and conducive to 
culture of the isolates. Also, three F1 plants were chosen as sources of F2 seed. Use of 
more than one F1 parent was an effort to increase the probability that a portion of the F2 
seed within a population was indeed resultant of a cross pollination. Within each F1 
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source, roughly 100 F2 seed were planted for screening. All those that emerged to 
establish healthy plants were carried forth. At stage V2 (Fehr and Caviness, 1977), plants 
were inoculated with Race 5 of C. sojina. Plants were placed into dew chambers under 
80°C and near 100% humidity for 48 hours and then moved to a mist chamber that 
emitted a fine mist for 15 seconds every 15 minutes. Ratings were taken at 14 d and re-
evaluated at 21 d after inoculation. Shortly after the 21 d rating, screened plants were 
tagged and transplanted to the field for F3 seed production. Inoculation of F2 plants of 
Population 1G (Blackhawk × PI 407974 A) was unsuccessful in evoking a reaction and 
F2 plants were transplanted to the field for seed production without successful 
phenotyping. Data from the remaining 3 populations were evaluated for a threshold at 
which to break the numeric FLS reaction scores into qualitative resistant or susceptible 
scores. Multiple segregation ratios were evaluated for each threshold. Most current 
mechanisms conditioning resistance are documented as single dominant genes. 
Frequency distributions of FLS reaction scores for the various populations are given in 
Figure 5.1.  
 
Population 1E (Blackhawk × PI 398993) 
The phenotypes were qualitatively coded in such a manner that an FLS reaction 
score of 1.0 was considered resistant and anything scoring 2.0 or higher was considered 
susceptible (see Figure 3.1). This structure ensured there was no sign of infection in the 
resistant ratings or, conversely, there was sign of infection in the susceptible ratings. 
Phenotypes for population 1E fit a 3:1 segregation ratio of resistant:susceptible 
individuals in the entire F2 population of 260 individuals (χ2 = 1.8513; P=0.1736; Table 
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5.1). Parental genotypes were included in the assays as well. Blackhawk was screened 
nine times; the mean reaction rating was 3.7 and was within the range of 1 to 5 for the 
genotype in the assay, indicative that escapes occurred. The parent PI 398993 was also 
included and exhibited a mean reaction range of 1 to 2 with a mean reaction score of 1.2 
across seven plants screened.  
Third filial seed from those F2 plants that reproduced was collected, planted, and 
screened in the same fashion as previously mentioned (Table 5.2). Twenty F3 seed were 
planted per family; where needed families were thinned to fifteen plants. Sixty-six 
families from Population 1E produced phenotypic data (Table 5.2). Phenotypic data from 
the F2:3 families were utilized to determine the genotype of the F2 parent plants. The F2 
genotypic data was used as an alternate, independent phenotype for testing inheritance 
patterns. The homozygous resistant:heterozygous:homozygous recessive ratio fit a 1:2:1 
segregation ratio (χ2 = 2.4318; P=0.2964; Table 5.2). By comparison, the F2 phenotype 
data of the smaller subsample did not fit a 3:1 ratio of resistant:susceptible individuals 
(χ2 = 4.6875; P=0.0304; Table 5.2). This fact may be due to a small subsample size, but 
also may be indicative that the F2:3 phenotypic assay was more accurate than the F2 
assay. 
The F2:3 phenotypic data was also used to confirm the phenotypes of F2 plants. 
Adjustments were made for the F2 phenotypes based on the F2:3 family phenotypic data. 
A set of rules was developed for these adjustments. First, any F2:3 families with four or 
fewer F3 individuals were discounted for adjusting F2 phenotypes. Secondly, a value was 
calculated for the percent of F3 individuals scoring greater than 1.0 within an individual 
F2:3 family. Where that F3 family value for percent susceptible was less than 25%, the F2 
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individual from which the family was derived was considered resistant. Families with 
over 25%, but less than or equal to 75% resistant F3 individuals, indicate that the F2 plant 
which created the family was heterozygous. Finally, any families with greater than 75% 
of F3 individuals exhibiting a FLS score greater than 1.0 indicate that the corresponding 
F2 individual was susceptible. Corrections to the F2 scores were made accordingly.  
Where phenotype of an F2 plant was scored R (resistant), but the F2:3 family 
screening showed greater than 75% of the F3 plants were susceptible (FLS reaction score 
>1.0), the F2 phenotype was adjusted to susceptible. For this scenario, the F2 individual 
was viewed as an escape. If an F2 plant was scored susceptible with a numeric score of 
2.0 and the F2:3 family contained less than 25% susceptible F3 plants, the F2 score was 
adjusted to resistant. This occurred twice, and the F2 rating of 2.0 was viewed resultant of 
an immune response or a possible error in rating in which the fleck was the result of 
something other than infection by C. sojina. Conversely, if the F2 plant was scored 
susceptible with a numeric score of 3.0 and the F2:3 family contained less than 75% 
susceptible F3 plants, the F2 score remained susceptible and the family was viewed as a 
partial escape. All resistant F2 phenotypes for which the F2:3 family rated between 25% 
and 75% susceptible were viewed as heterozygous. These adjustments led to a better fit 
as shown with the Chi Square Goodness of Fit Test for both the F2 phenotype and the F2 
genotype (Table 5.2).  
Around 13%, or 33 individuals, of the total F2 ratings, 246 individuals, were 
adjusted from resistant to susceptible ratings, based on the frequency of susceptibility in 
the F2:3 families. These individuals were viewed as escapes in the F2 seedling screens. 
The F2:3 calls, where possible, were also used to categorize the resistant F2 calls as 
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homozygous (RR) or heterozygous (Rr) and led to an F2 classification as R (homozygous 
resistant), H (heterozygous resistant), or S (susceptible). Fisher’s Exact values for 
association between the phenotype and the new F2 genotype calls R, H, and S were 
0.0012 for SNP_171 and 0.0094 for SNP_368, respectively. Further, Pearson’s 
correlation value between the adjusted F2 R/S phenotypic dataset and the F2 R/H/S 
genotypic dataset was <0.0001. These results reflect difficulty encountered in screening 
the nearly 250 F2 seedlings with the available resources. However, with the F2:3 
correction of the F2 calls, a greater level of confidence was reached. 
 
Population 1F (Blackhawk × PI 399068) 
Data for population 1F were similar to that of population 1E. When the threshold 
of susceptibility was set at 2.0, segregation ratios fit a 3:1 ratio of resistance to 
susceptibility in the F2 generation (χ2 = 1.6278; P=0.2020; Table 5.1). This structure 
ensured the resistant ratings encompassed no sign of infection and susceptible ratings 
encompassed no sign of infection (see Figure 3.1). Once again, the data suggests single 
gene action. Parental genotypes were included in the assays as well. Blackhawk was 
screened nine times; the mean reaction rating was 3.6 within the range of 1 to 5 for the 
genotype in the assay, indicating escapes occurred. The resistant parent PI 399068 was 
also included and always scored a 1 in all eight plants screened. 
Third filial seed from those F2 plants that reproduced was collected, planted, and 
screened in the same fashion as previously mentioned (Table 5.3). One hundred seventy-
six families from Population 1F produced phenotypic data (Table 5.3). Phenotypic data 
from the F2:3 families were utilized to determine the genotype of the F2 parent plants. The 
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F2 genotypic data was used as an alternate, independent phenotype for testing inheritance 
patterns. The homozygous resistant:heterozygous:homozygous recessive ratio did not fit 
a 1:2:1 segregation ratio (χ2 = 16.5824; P=0.0003; Table 5.3). By comparison, the F2 
phenotype data of the smaller subsample did fit a 3:1 ratio of resistant:susceptible 
individuals (χ2 = 0.3219; P=0.5705; Table 5.3). That fact was likely indicative that the 
F2:3 phenotypic assay was less accurate than the F2 assay in this population. 
The F2 phenotypes were adjusted based on the F2:3 family phenotypic data as in 
the previous population. The same set of rules was utilized for these adjustments. 
Corrections to the F2 scores were made accordingly. Adjustments led to a better fit of 
both the F2 phenotype and the F2 genotype (Table 5.3). The Chi Square value for the F2 
phenotype changed from a 0.3219 to a 0.2474. Further, the F2 genotype Chi Square value 
changed from 16.5824, and nonsignificant, to 0.1503, and significant. For both instances, 
the adjusted values were deemed to better estimate population phenotype and genotype. 
Approximately 13%, or 18 individuals, of the total F2 ratings (138 individuals) 
were modified from resistant to susceptible ratings, based on the frequency of 
susceptibility in the F2:3 families. These 18 individuals were putative escapes in the F2 
seedling screens. Six F2 individuals, representing <5% of the total number, were 
modified from susceptible to resistant calls. Those individuals were viewed as false 
positives, exhibiting flecks possibly caused by infection by an alternate pathogen. 
Disease ratings classified as R/S in the F2:3 families, where possible, were also used to 
categorize the resistant F2 calls as homozygous (RR) or heterozygous (Rr) and led to an 
F2 classification as R (homozygous resistant), H (heterozygous resistant), or S 
(susceptible). Fisher’s Exact values for association between the phenotype and the new 
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F2 genotype calls of R, H, and S were 0.012 for SNP_171, but not significant for 
SNP_368. Following correction of F2 phenotypic calls from F2:3 family phenotypic data, 
the Fisher’s Exact values for independent association between the F2 phenotype and the 
marker genotype were 0.0086 for SNP_171 and 0.0497 for SNP_368. Further, Pearson’s 
correlation value between the F2 R/S phenotypic dataset and the F2 R/H/S genotypic 
dataset was <0.0001. The corrected F2 values offered greater confidence in F2 phenotype 
calls. 
 
Population 1J (Blackhawk × PI 424137 B) 
Population 1J data reflect a slightly different reaction pattern. Where 
susceptibility is noted with an FLS reaction score of 2.0 and higher, F2 phenotypic data 
subjected to a Chi Square Test did not fit a 3:1 segregation ratio (χ2 = 23.1953; P =0.0000 
; Table 5.1). Parental genotypes were included in the assay as well. The resistant parent, 
PI424137-B exhibited a range of reaction scores from 1 to 2 across 6 plants with a mean 
reaction score of 1.2. Blackhawk, on the other hand, ranged from 1 to 4 with a mean 
reaction score of 2.2. Chi Square Tests were conducted for each F1 group of F2 
individuals (data not shown). Segregation ratios for one of the three F1 groups fit a 3:1 
ratio; ratios for two groups did not. These results indicated two of the three hybridizations 
failed and F2 seed was resultant of a self-pollination. The small sample size of the single 
F1 group was likely too small for genetic determination and the population was discarded 





The research indicates that the populations Blackhawk × PI 398993 and 
Blackhawk × PI 399068 likely contain a single dominant resistance gene. Work from 
Mengistu et al. (2011) indicates all of the PIs evaluated in this research, with the 
exception of PI 424137 B, have a different haplotype than Davis, the Rcs3 source. PI 
424137 B in that work has a haplotype at least partially shared with Davis. The markers 
utilized in the haplotype analysis were very close, i.e. within 2cM, to the reported Rcs3 
locus. For this reason, results from the F2 and F2:3 screenings which implicated at least 
two sources putatively carrying resistance to domestic races of C. sojina in single 
dominant gene mechanisms, can be viewed as potentially non-allelic to Rcs3. Molecular 
characterization of the resistance to confirm the location and inheritance of these loci is 
needed and is described in the next chapter. Much scrutiny will be needed in the 
molecular characterization of the resistance. Molecular mapping can only be as accurate 
as the phenotyping on which association is based; the research has shown that the 
phenotyping was not optimal. However, adjustments from phenotyping across 






Figure 5.1   Frequency distribution of frogeye leaf spot (FLS) disease reaction scores in 
F2 population of cross of ‘Blackhawk’ × PI 398993.  
 
Bar graphs represent the values for the F2 population and the line graphs represent values 
for the parental plants. Black arrow indicates break point between resistant and 
susceptible classes. P1 and P2 represent mean values for parental plants. Ratings were 
numerical values from 1 to 5 where 1 indicated no lesions, 2 indicated a few small flecks, 
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Figure 5.2   Frequency distribution of frogeye leaf spot (FLS) disease reaction scores in 
F2 population of cross of ‘Blackhawk’ × PI 399068.  
 
Bar graphs represent the values for the F2 population and the line graphs represent values 
for the parental plants. Black arrow indicates break point between resistant and 
susceptible classes. P1 and P2 represent mean values for parental plants. Ratings were 
numerical values from 1 to 5 where 1 indicated no lesions, 2 indicated a few small flecks, 
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Figure 5.3   Frequency distribution of frogeye leaf spot (FLS) disease reaction scores in 
F2 population of three cross of ‘Blackhawk’ × PI 424137 B.  
 
Bar graphs represent the values for the F2 population and the line graphs represent values 
for the parental plants. Black arrow indicates break point between resistant and 
susceptible classes. P1 and P2 represent mean values for parental plants. Ratings were 
numerical values from 1 to 5 where 1 indicated no lesions, 2 indicated a few small flecks, 
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Table 5.2   Chi Square goodness of fit for F2 generation of soybean (Glycine max) 
population resultant of cross of ‘Blackhawk’ × PI 398993.a 
 
Classification Raw Data
b Adjusted Datac 
F2 Phenotype F2 Genotype F2 Phenotype F2 Genotype 
Resistant 40 16 46 11 
Heterozygote - 39 - 36 
Susceptible 24 11 18 18 
Total 64 66 64 65 
χ2 4.6875 2.4318 0.1875 1.7615 
Probability 0.0304 0.2964 0.6650 0.4145 
 
a Numbers represent ratings from F2 plants which survived to produce F3 seed which in 
turn led to F3 plants for seedling screens. 
b Raw data represents F2 reactions scores based solely on reaction in F2 plants. 
c Adjusted data represents F2 reaction scores based on F2 plant reaction as well as F2:3 
family reaction scores. 
 
 
Table 5.3   Chi Square goodness of fit for F2 generation of soybean (Glycine max) 
population resultant of cross of ‘Blackhawk’ × PI 399068.a 
 
Classification Raw Data
b Adjusted Datac 
F2 Phenotype F2 Genotype F2 Phenotype F2 Genotype 
Resistant 135 62 119 38 
Heterozygote - 91 - 83 
Susceptible 40 23 44 42 
Totals 175 176 163 163 
χ2 0.3219 16.5824 0.2474 0.1503 
Probability 0.5705 0.0003 0.6188 0.9276 
 
a Numbers represent ratings from F2 plants which survived to produce F3 seed which in 
turn led to F3 plants for seedling screens. 
b Raw data represents F2 reactions scores based solely on reaction in F2 plants. 
c Adjusted data represents F2 reaction scores based on F2 plant reaction as well as F2:3 





MOLECULAR MARKER ASSOCIATION 
 
Past Molecular Marker Research 
Much work has been conducted investigating the alleles conditioning resistance to 
Cercospora sojina in the Rcs1, Rcs2, and Rcs3 sources: Lincoln, Kent, and Davis, 
respectively. These, and a handful of other resistance sources, such as; Ransom, 
Stonewall, Lee, Peking, Forrest, CNS, Kanrich, as well as numerous PIs have been 
evaluated in inheritance studies. However, molecular marker association work outside of 
the Rcs3 locus has been inadequate. Rcs3 confers resistance to all known races of the 
pathogen and is the utilized source of C. sojina resistance in modern breeding programs. 
The Rcs3 locus was mapped at the same location as Satt244 (65.04 cM) and 1.5 cM from 
Satt547 (67.79) on chromosome 16 (MLG J) in the published GmConsensus40 map from 
Soybase (Mian et al., 1999). Missaoui et al. identified several Single Nucleotide 
Polymorphisms (SNPs), not genic with Rcs3, but closely associated and viable for 
marker-assisted selection for the locus in some populations.  Several molecular 
experiments have been conducted to resolve discrepancies between Davis and Peking 
resistance and therefore shed some light into resistance loci within Peking (Yang et al., 
2001). The researchers concluded that the RcsPeking resistance gene is allelic to, or within, 
the same cluster, but different than the Rcs3 locus, or both. 
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Davis resistance, i.e. Rcs3, has been utilized in large scale soybean production for 
well over 20 years. Previous resistance genes proved not to be durable. With soybean 
acreage at its current level, deployment of a lone single-gene resistance mechanism, 
strobilurin-resistant strains of C. sojina, and increased no-till or reduced till systems, the 
current soybean acreage is at the very least at moderate risk. Modern molecular 
technology and the ability of marker-assisted selection (MAS) allow tremendous benefit 
of new sources of resistance to the pathogen on the proverbial ‘shelf’. When such 
resistance is fully-characterized with associated markers and incorporated into elite 
germplasm, adoption into commercial breeding programs is expedient. Resistance 
identified by the previous experiments of this study was therefore probed for both 
location and associated markers flanking the putative location of any resistance genes, 
which could indicate if the loci are indeed novel. 
 
Population (Blackhawk × PI 398993) 
The line PI 398993 was chosen for resistance to Races 5, 6, 9, 12, 14, and 15 of C. 
sojina identified in seedling screens as well as favorable agronomic traits. Population 
development and phenotyping were described in the previous chapter. Procedures 
common to DNA extraction and molecular techniques are discussed in Chapter III. 
 
Location of Putative Resistance Loci 
To facilitate robotics, phenotypic extremes for the population were chosen for the 
preliminary marker screenings to identify candidate regions putatively housing the 
resistance loci. Eighty-eight genotypes were selected, including those with the most 
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susceptible reaction types and the remainder with the most resistant phenotypes. Also 
included in the preliminary screenings were duplicates of each parent and four water 
blanks to ensure proper plate orientation. Most molecular marker associations with FLS 
resistance have been documented on chromosome 16 (Rcs3). Therefore preliminary 
screenings consisted of polymorphic markers from this region. Seven polymorphic SNPs 
and eight polymorphic SSRs were evaluated from chromosome 16 (MLG J), where eight 
markers were chosen on each side of the putative Rcs3 locus (Table 6.1).  
Simple Sequence Repeat (SSR) markers and F2 phenotypic data were analyzed 
for association using two-way contingency analysis. The Fisher’s Exact Test was utilized 
to determine probability of deviation from expected values (Sokal and Rohlf 1995). 
Fisher’s Exact values were therefore indicative of association between F2 phenotypes in 
population extremes and molecular markers, independent of one another. This single 
marker analysis supported a candidate region on chromosome 16 (MLG J). The putative 
resistance was associated with most markers between Satt547, located at 67.79 cM, and 
Satt431, located at 89.61 cM according to the GmConsensus40 map published at 
Soybase.org (data not shown). Satt244, reported in the literature as genic or lying very 
near the Rcs3 locus, is located at 65.04. Association between Satt244 and the phenotype 
within POP 1E was marginally insignificant with a Fisher’s Exact value of 0.0502.  The 
strongest relationship between any marker tested and the phenotype within the mapping 
population was SNP_171, or BARC-030433-06867, which lies at 72.86 cM. However, 
these data were preliminary and based only upon population extremes rather than the 
entire mapping population. 
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Candidate Region Confirmation 
Preliminary screens identified a candidate region within the phenotypic extremes 
of the mapping population of POP 1E as putatively housing the resistance locus on 
chromosome 16 (MLG J). A more in-depth marker assay followed. All marker data was 
evaluated for segregation distortion, across all F2 plants within an individual F1 as well as 
across all F2 plants for the entire population. Three markers, Sat_396, SNP_505, and 
Satt712, exhibited segregation distortion with a higher proportion of the allelic 
combinations being homozygous for the resistant parent. The distortion was seen 
uniformly within each F1 group. There are numerous potential explanations for this 
observation. First, errors could have been made in allele detection, potentially due to poor 
recessive allele detection or to poor quality DNA. This could potentially have lowered 
ability of detection of the susceptible allele in a heterozygote.  A second explanation 
could have been harsh phenotyping conditions being fatal to a higher number of 
susceptible plants; therefore the frequency resistant alleles near a resistance locus 
predominated in the surviving individuals. 
The subsequent probe was conducted after F2:3 phenotyping allowed for inference 
of and revisions to F2 phenotype. All individuals from which a DNA sample was 
collected in the F2 generation were included in an assay of both SSRs and SNPs 
polymorphic across the parents and encompassing all of chromosome 16 (MLG J). Some 
246 genotypes were included in the analysis of the entire population. Eighteen markers 
were included in the single marker analysis (Table 6.1). The SSRs Satt547, SNP_171, 
Satt431, Sat_394, Sat_395, SNP_505, and Satt712 were independently associated with 
the resistant phenotype (P < 0.05) in raw F2 phenotypic calls. Single marker analysis 
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(SMA) of the subsample of F2 plants which produced F2:3 families indicated association 
with SNP_505 and Satt712 (Table 6.1). Adjusted F2 data, with adjustments inferred from 
F2:3 data where available, was subjected to two-way contingency analysis (Table 6.1). 
The results closely resemble the raw F2 data; however, Satt244 was found to be 
associated with the adjusted phenotypes. SNP_366, SNP_505, and Sat_394 were found to 
be marginally insignificant (P < 0.10). The strongest evidence for association, indicated 
by the lowest Fisher’s Exact values, are found with SNP_368 and SNP_171, located at 
72.48 cM and 72.86 cM, respectively. Phenotypic data was also subjected to an ordinal 
analysis, in a 5 X 3 contingency analysis. Marker data was coded (1) resistant parent 
allele, (2) alleles from both resistant and susceptible parent, and (3) susceptible parent 
allele. The phenotype was coded 1 to 5 according to the rating scale (Figure 3.1). 
Analysis in an ordinal array allowed for association of marker alleles with categorical 
ratings of FLS reaction without declaration of those categories as resistant or susceptible.  
The Mantel-Haenszel statistic was used to measure this linear association between F2 
categorical ratings and marker classes (Table 6.1). In general, similar results were noted 
for association between F2 categorical ratings and marker alleles as were noted by 
Fisher’s Exact values, supporting the break between resistance and susceptibility of F2 
individuals at a value of 2.0. Satt244, Sat_396, SNP_171, Satt431, and Sat_394 appeared 
linked to FLS numerical ratings.  
Linkage maps of the selected markers on Gm16(Lg-J) based on F2 and F2:3-
inferred F2 phenotypes were created using  JoinMap® 4 software (Kyazma B.V., 
Wageningen, Netherlands; Van Ooijen 2006).  The Kosambi mapping function converted 
recombination values to genomic distances. Order of the markers generally matched one 
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another as well as the published map from Soybase (Figure 6.1). Expansion of markers 
was seen in the mapping population. Four markers mapped in a different order than that 
reported on Soybase. SNP_366 was placed at further down the chromosome 16 in the F2 
map.  One explanation for the improper or absent mapping is tied to small sample size. 
SNP_368 also mapped out of order in Population 1E. Both Sat_395 and SNP_505 were 
placed beyond Satt712 and were inverted relative to one another. Discrepancy in 
placement of molecular markers published as positioned relatively close to one another 
should always be regarded only as approximate. Composite maps are actually maps from 
different populations combined where a single marker can be polymorphic in one 
population, but monomorphic in others. Discrepancy between marker order within 
individual mapping populations and order of published genomic maps exist (Hyten et al., 
2007; Ray et al., 2009). Further, the degree of saturation within each population differs 
which also has the ability to distort mapping distance. The markers Sat_395, SNP_505, 
and Satt712 are published within 1cM of one another. Also, Sat_395 and Satt712 are 
mapped in slightly different order in the concensus and composite maps (Table 3.3). 
Slightly more aberrant placement exists in the map based on F2:3 inference of F2 in a 
small subsample (Figure 6.1). SNP_366 was unmapped in the subsample. Sat_396 was 
also mapped significantly earlier on the chromosome than either the composite map or 
the F2 phenotypic map. Again, discrepancy is likely the fault of sheer population size. 
Poor phenotyping was also likely at fault as well as marker allele calls. 
The putative resistance locus mapped on chromosome 16 (MLG J) at a LOD 
score of 3.5 and was placed beyond all polymorphic markers available. The mapped 
location was interpreted as supporting chromosome 16 (MLG J)  as housing the 
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resistance locus; however, simple linkage analysis was not able to satisfactorily position 
the loci. Multiple explanations exist for this situation also. The most probable explanation 
lies in the difficulty encountered in the phenotyping assay and the less than optimal 
reliability. Without an extremely precise phenotype, much power of linkage analysis is 
lost. A second possibility is the low number of individuals in the population, which also 
can greatly impact mapping power. However, there is also the possibility that there were 
one or more smaller genes within the same linkage group affecting the phenotype, too 
close for separation at this sample size.  
To further evaluate the location of the putative resistance in PI 398993 and to 
improve on the position indicated by simple linkage anaylsis, interval mapping was 
conducted using MapQTL® 6 software (Kyazma B.V., Wageningen, Netherlands; Van 
Ooijen 2009).  LOD scores, generated by MapQTL, approaching 3.5 to 4.0 are centered 
around mapping distances 40 and 58 cM; these distances correspond with markers 
SNP_171 and Satt712 (Table 6.2). These regions correspond with high Fisher’s Exact 
values. LOD scores around a value of 2.0 were noted in the region putatively housing the 
Rcs3 loci. Recent publications provide a framework for significant thresholds for LOD 
scores at which point QTLs can be considered important (Van Ooijen, 1999). Under this 
framework, the LOD score for significance within these populations would fall at a value 
far higher than 2.0. However, many peer reviewed journal articles investigate potential 
and identify valuable QTLs identified at LOD scores of 2.0 (Xiao, et al., 1995; deVicente 
and Tanksley, 1993) and 3.0 (Lewers at al, 1999).  
For further support of results positioning the resistance on chromosome 16 (MLG 
J), Pearson’s Correlation Coefficients were generated for both the raw F2 phenotypic data 
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and the adjusted F2 phenotypic data (Table 6.1). Data coding was such that a positive 
correlation value indicated influence from the resistant parent, PI 398993, and indicated 
less disease incidence. These values provide a measure of the effect of the different 
marker alleles on a quantitative score of the phenotype. Pearson’s Correlation 
Coefficients for the raw F2 phenotypic data and the adjusted F2 phenotypic data closely 
resemble one another. The influence of the marker alleles on the adjusted F2 phenotypic 
data is illustrated in Figure 6.3. The values indicate the greatest magnitude of effect 
around 72 cM, with strong influence with markers beyond 60 cM on chromosome 
16(MLG J). Satt244, reported in the literature as genic to Rcs3, corresponds to 65.04 cM 
in this mapping population.  
Genetic data from Chapter V indicated that the resistance in PI 398993 was 
conditioned by a single dominant gene. Marker analysis indicated markers on 
chromosome 16 (MLG J) were strongly associated with the resistance. Thus, it can be 
concluded that the resistance in PI 398993 is located on chromosome 16 (MLG J). The 
mapping data indicated the resistance locus was located near Rcs3, but not at the exact 
genomic position. However, due to limitations of the data, it cannot be conclusively ruled 
out that PI 398993 has the Rcs3 resistance gene. 
 
Population 1F (Blackhawk × PI 399068) 
Another PI, PI 399068, also exhibited broad resistance to those races of C. sojina 
which represent most variability for the pathogen within the US. In the previous chapter, 
this resistance was found to be conditioned by a single dominant gene. Due to the single 
dominant gene resistance as well as favorable agronomic traits, PI 399068 was carried 
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forth in the research to characterize the genomic position of the resistance loci. 
Population development and phenotyping were described in the previous chapter. 
Procedures common to DNA extraction and molecular techniques are discussed in 
Chapter III. 
 
Location of Putative Resistance Loci 
Select markers, polymorphic between parents, were chosen from chromosome 16 
(MLG J) for preliminary screening to identify a candidate region for the resistance locus 
within the population derived from a cross of Blackhawk × PI 399068. The assay 
included 88 genotypes, including the most susceptible reaction types and the remainder 
with the most resistant phenotypes, duplicates of each parent, and four water blanks to 
ensure proper plate orientation. Data were again subjected to 2 x 2 contingency analysis 
and Fisher’s Exact values were used as the statistic for association. Initial assays using 
SSRs near the Rcs3 locus did not indicate association of the selected markers near Rcs3 
(data not shown). Therefore, polymorphic markers were identified on all linkage groups 
within the genome, including more loci on Gm16 (MLG J). Seventy random, 
polymorphic markers, spread within each linkage group, were screened to identify any 
potential association with the phenotype. Markers from several chromosomes showed 
significant association with the phenotype from the population extremes, including 
SNP121 and Satt164 on chromosome 4 (MLG C1), Satt242 on chromosome 9 (MLG K), 
Satt229 on chromosome 19 (MLG L), and SNP_165 and on chromosome 20 (MLG I).  
Marker associations on chromosomes 4(MLG C1) and 19 (MLG L) were not supported 
by association of flanking markers and were therefore declared artifacts. Markers from 
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chromosome 18(MLG G) were included in the screening based on resistance identified 
by Hoskins et al. and reported during the course of this research (2011). 
 
Candidate Region Confirmation 
Preliminary screens identified several candidate regions within the phenotypic 
extremes of the mapping population of POP 1F as putatively housing the identified single 
gene resistance locus on chromosome 16 (MLG J), 9 (MLG K), and 20 (MLG I). Markers 
on chromosome 18(MLG G) were also included. A more in-depth marker assay followed. 
All marker data was evaluated for segregation distortion, across all F2 plants within an 
individual F1 as well as across all F2 plants for the entire population. The SSR Satt102, 
30.28 cM on Gm09 (MLG K), exhibited distortion. Further, this distortion resulted from 
distortion in a single F1 group. Satt102 was removed from further data analysis. Data for 
two molecular markers, namely SNP_366 or BARC-031917-07226 and Sat_396 were 
observed to contain a high number of missing values and consequently were removed 
from future data analysis. 
Previous findings in Chi Square analysis indicated resistance within PI 399068 
behaved as a single dominant gene; this fact indicated that some identified candidate 
regions were likely incorrect. The more in-depth probe was conducted after revisions to 
F2 phenotype based on inference from F2:3 phenotyping. All individuals from which a 
DNA sample was collected in the F2 generation were included in an assay of both SSRs 
and SNPs polymorphic across the parents and encompassing four chromosomes. Some 
138 genotypes were included in the analysis of the entire population. Fisher’s Exact 
values were determined for independent association of polymorphic markers and both the 
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raw F2 data and corrected F2 data (Table 6.2 and 6.3). No molecular markers on 
chromosome 16 (MLG J) were identified as associated with the raw F2 phenotype. 
However, Satt162 and SNP_597 on chromosome 20(MLG I) as well as Satt539 and 
Satt242 on chromosome 9 (MLG K) appeared associated with the raw F2 phenotype. If 
data was analyzed for the 110 F2:3 families in a 3x3 contingency table, many markers on 
chromosome 16(MLG J) appeared to be highly associated with the phenotype. Significant 
Fisher’s Exact values for Satt249, Sat_350, Satt244, Satt547, SNP_358, SNP_171, 
Sat_224, SNP_505, Sat_394, and Sat_395 were observed (P ≤ 0.05). When the F2:3 data 
were used to revise the F2 phenotypic data, Fisher’s Exact values, from a 2x3 
contingency analysis, indicated a similar region of chromosome 16(MLG J) as the F2:3 
data supported. Data analysis for markers from alternate chromosomes followed a similar 
pattern. Only one marker, Satt270, at 50.11 cM on chromosome 19(MLG I), exhibited 
association with the phenotype in the F2:3 subsample (Table 6.3). Adjusted F2 phenotypic 
data only indicated association with Satt242 on chromosome 9(MLG I). Generally, much 
less evidence of influence on phenotype existed for those chromosomes other than 16 in 
both the F2:3 subsamples and revised F2 datasets. The finding is contradictory to the raw 
F2 data which indicated no association of markers on chromosome 16 and strong 
association with markers on alternate chromosomes. The raw F2 data is based on a total 
of 138 individuals whereas the F2:3 data is based on inferences from progeny of 110 
individuals. Phenotyping was viewed as more successful and reliable in the F2:3 screening 
of population 1F. Phenotypic data was also subjected to ordinal analysis in a 5 X 3 
contingency table. The Mantel-Haenszel statistic was used to determine linear association 
between F2 categorical ratings from marker allele classes (Tables 6.2 and 6.3). Ordinal 
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analysis for raw F2 categorical data showed no significant association with marker alleles 
and the categorical F2 ratings.  
Linkage maps of the selected markers screened in the entire POP1F were created 
using JoinMap® 4 software (Kyazma B.V., Wageningen, Netherlands; Van Ooijen 2006) 
and the Kosambi mapping function.  Maps were created for the F2 phenotypic data as 
well as the F2:3- inferred F2 phenotypic data in chromosomes 16 (MLG J), 18 (MLG G), 
9 (MLG K), and chromosome 20(MLG I); maps are displayed in Figures 6.4, 6.5, 6.6, 
and 6.7, respectively. Expansion of markers was seen in the mapping population; 
however, order of marker position generally matched one another and the published maps 
from Soybase. Simple linkage analysis did not allow for satisfactory mapping of the 
resistance locus position. Four markers mapped slightly out of order: Satt215, Satt132, 
SNP_368, and SNP_505 on chromosome 16(MLG J). In one instance, SNP_366 has a 
large number of missing values and could have potentially skewed both SNP_368 and 
Sat_350. SNP_366 is also mapped in a different location between the concensus and 
composite maps (Table 3.3). For the most part, differences are viewed as acceptable 
relative to population size. Expansion between markers, but no differences in marker 
order, were noted on chromosome 18(MLG G). Two markers, Satt178 and Satt055, were 
reversed on chromosome 9(MLG K). Markers SNP_165 and Satt270 were reversed on 
chromosome 20 (MLG I) as were SNP_490 and SNP_357. These reversions were 
minimal and attributed to population size. 
Interval mapping of the F2 full data set as well as the F2:3 subsample was 
conducted using MapQTL® 6 software (Kyazma B.V., Wageningen, Netherlands; Van 
Ooijen 2009). Any corresponding LOD scores were viewed as significant if greater than 
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2.0. Again, the level of LOD score was arbitrarily set at 2.0 based on historical QTL 
investigations. Significant LOD scores were seen in the region of 75-90 cM of 
chromosome 16 (MLG J) in the complete F2 population (Figure 6.8). This region 
corresponds with the markers Satt244, Satt547, SNP_171, and Sat_224. Minor LOD 
scores were noted for markers associated with genomic locations under 30 cM of 
chromosome 9 (MLG K) in Figure 6.8. Interval mapping of the F2:3 subsample across 
markers of all four chromosomes indicated strong LOD scores for chromosome 16(MLG 
J) only. Peak LOD scores were associated with those markers from 100 to 130 cM, 
slightly beyond the putative Rcs3 locus. 
For further support of results positioning the resistance Pearson’s Correlation 
Coefficients were generated for both the raw F2 phenotypic data and the adjusted F2 
phenotypic data (Tables 6.2 and 6.3). These values provide a measure of the effect of the 
different marker alleles on a quantitative score of the phenotype. Data were coded in a 
manner that positive values indicate association with the resistant parent allele and 
negative correlations indicate an association with the susceptible parent alleles. Pearson’s 
Correlation Coefficients for the raw F2 phenotypic data and the adjusted F2 phenotypic 
data closely resemble one another for chromosomes 9 (MLG K), 18 (MLG G), and 20 
(MLG I). Strong influence was seen at 105.11 cM on chromosome 20 (MLG I) and 1.8 to 
14.35 cM on chromosome 9 (MLG K). Adjusted F2 data showed some influence of 
markers on chromosome 16(MLG J) from 34.78 to 53.71cM and from 67.79 to 75.12 cM. 
The latter also correspond with associations of markers in the single marker analysis. A 
graphical representation of Pearson’s Correlation coefficients plotted against markers on 
chromosome 16(MLG J) is given in Figures 6.10. In Figure 6.10 marker order follows the 
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published map (Song et al., 2004). Figure 6.11 displays graphically the Pearson’s 
Correlation coefficients for chromosome 9 (MLG K). Data indicate a strong negative 
effect of marker allele on the phenotype. 
 
Conclusions 
Results from the research on Population 1E (Blackhawk × PI 398993) indicate the 
resistance locus occurs on chromosome 16 (MLG J). Single marker analysis, ordinal 
analysis, and quantitative analysis each supported the same region, at or beyond 65 cM.  
Interval mapping resulted in high LOD scores for that chromosomal region as well. With 
supporting evidence from the multiple statistical tests, the resistance to C. sojina found in 
PI 398993 is likely located somewhere at or beyond Satt244 on chromosome 16 (MLG 
J). A high probability exists that this resistance locus could be the same as the Rcs3 loci 
found in Davis, or is allelic to Rcs3. There is equally enough evidence to postulate that 
the resistance of PI 398993 is another locus in the same cluster, but independent of Rcs3. 
Similar conclusions were drawn in the evaluation of resistance in Peking (Yang et al., 
1999). Mengistu et al. found PI 398993 to have a different haplotype than Davis, and 
postulated that the resistance was not Rcs3 (2011). Allelism tests are still needed between 
PI 398993 and Davis to determine if indeed the locus houses a novel allele in PI 398993. 
Two SNPs seem to show the most substantiative support for association with the 
phenotype, SNP_368 and SNP_171. These SNPs are mapped farther down chromosome 
16 than the published location of Rcs3 and the associated SSR Satt244.  
Results from experiments conducted on Population 1F indicated that some 
markers associated with the resistant phenotypes were also found on regions of 
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chromosome 16 (MLG J). The region containing those markers with significant 
association with the phenotype is the 55 cM to 75 cM region on chromosome 16 (MLG 
J).  Strong effects on the phenotype are documented in the same region. Further, interval 
mapping indicates significant LOD scores in the region. The strong evidence supports 
placement of the putative resistance loci somewhere around 75cM on chromosome 16, 
tied closely to SNP_171. Evidence of a possible second locus on chromosome 9 (MLG 
K) contradicts the inheritance studies indicative of a single gene. However, it is possible 
that a minor “helper” gene or QTL could lie in this area. This ‘helper’ gene could 
potentially have hindered phenotyping efforts.  If indeed the threshold for susceptibility 
had been less stringent or the assay less intense, intermediate reactions may have been 
considered resistant. Given those statements were true, a two gene-model potentially 
could have prevailed. If a two gene model had predominated, a separate locus may have 
been identified. Interval mapping resulted in marginal LOD scores for early regions of 
chromosome 9 (MLG K) in the entire F2 population, and very low LOD scores in the F2:3 
subsample. Therefore, significant Fisher’s Exact values and high Pearson’s Correlation 
coefficients associated with early markers on chromosome 9 are likely not as important 
as those on chromosome 16(MLG J). Association of certain marker alleles early on 
chromosome 9 could potentially be due to other genes in the region being favored under 
the screening and transplanting procedures. However, the only published QTLs in the 
region to date are tied to seed yield and to SCN resistance (Yuan et al., 2002).  
Results from statistical analysis of both populations indicate single dominant 
resistance loci, putatively on chromosome 16 (MLG J), condition the resistance to C. 
sojina in PIs 398993 and 399068. Further studies are needed to determine allelism with 
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Rcs3 in Davis. Further research is also warranted to determine what effect, if any, traits 




Table 6.1   Single marker analysis for association of phenotype and molecular markers on 
chromosome 16 (MLG J) of soybean (Glycine max) in F2 population of 
‘Blackhawk’× PI 398993. 
 
Marker GPa 
Raw F2 Population b F2:3 Families c Adjusted F2 Data d 
Frequency e Ordinal f Corr g Raw Adjusted h Frequency e Corr g 
N=246 N=61 N=246 
Satt249 11.74 0.7996 0.6559 0.05 0.6539 0.4216 0.6508 0.03 
Sat_228 23.91 0.8072 0.6690 -0.04 0.0261 0.7462 0.7881 -0.02 
Sat_165 42.20 1 0.4177 0.02 0.1892 0.6860 0.8759 -0.03 
Satt215 44.08 0.9178 0.7718 -0.02 0.0947 0.7877 0.6626 0.02 
SNP_366 52.80 0.335 0.3386 -0.02 0.0620 0.4533 0.0676 0.12 
Satt620 53.71 0.6450 0.3411 -0.01 0.1164 0.6853 0.3823 0.05 
Sat_350 55.73 0.3962 0.7433 -0.02 0.1284 0.2656 0.3239 0.07 
Satt244 65.04 0.0813 0.0266 * 0.12 0.2046 0.1621 0.0106 * 0.18 
Rcs3 i         
SNP_368j 72.48 0.0822 0.0660 0.18 0.1785 0.2426 0.0049 ** 0.20 
Satt547 67.79 0.0094 ** 0.2206 0.11 0.1813 0.1126 0.0161 * 0.17 
Sat_396 69.30 0.1699 0.0152 * 0.12 0.0620 0.1383 0.0427 * 0.14 
SNP_171 72.86 0.0055 ** 0.0349 * 0.19 0.2216 0.0953 0.0050 ** 0.18 
Sat_224 75.12 0.1388 0.1610 0.12 0.1355 0.0724 0.0983 0.12 
Satt431 78.57 0.0023 ** 0.0083 ** 0.22 0.0849 0.0354 * 0.0413 * 0.19 
SNP_505 79.60 0.0162 * 0.0970 0.25 0.0500 * 0.0141 * 0.0824 0.14 
Sat_394 89.43 0.0089 ** 0.0023 ** 0.18 0.3755 0.1919 0.0557 0.16 
Sat_395 89.48 0.0004 *** 0.1115 0.20 0.0535 0.0164 * 0.0381 * 0.16 
Satt712 89.61 0.0012 ** 0.1125 0.23 0.0125 * 0.0130 * 0.0322 * 0.17 
 
a Genomic positions published in composite map of MLG J (Song et al. 2004). 
b Entire F2 Population included all plants in F2 generation for which DNA sample and 
phenotype existed. Raw data without identifying and eliminating escapes. 
c F2:3 Families included all F2 individuals for which F2:3 family phenotype and F2 DNA 
sample existed. 
d Adjusted F2 Population refers to dataset of F2 R/S ratings adjusted by the F2:3 ratings 
for escapes. 
e Frequency analysis  utilized Fisher’s Exact Values to determine significance of 
association. F2 classes included R (resistant) and S (susceptible). 
f Ordinal analysis utilized the Mantel-Haenszel Test for significance of association. F2 
phenotypic classes included ratings of 1,2,3,4, or 5. 
g Correlation analysis utilized the Pearson’s Correlation Coefficient to evaluate effects of 
marker alleles. 
h Adjusted F2:3 data involves utilizing susceptible F2 reaction ratings to eliminate F2:3 
family escapes. 
i Resistance locus Rcs3 reported in literature in same genomic position as Satt244 (Mian 
et al. 1999). 
j Location retrieved from concencus map GmConcensus40 and published on Soybase.org. 




Figure 6.1   Comparison of chromosome 16 (MLG J) marker positions between the 
Soybase composite map and maps generated through linkage analysis of F2 
population and F2:3-inferred F2 data from cross of ‘Blackhawk’ × PI 398993.  
 
a) Soybase composite map GmComposite2003 (Song et al. 2004).  
b) Map generated by JoinMap®4.0 based on F2 population phenotypic frogeye leaf spot 
(FLS) reaction data from cross of Blackhawk × PI 398993.  
c) Map generated by JoinMap®4.0 based on F2:3-inferred F2 phenotypic data from cross 
























































Figure 6.2   Logarithm (base 10) of Odds scores from Interval Mapping of frogeye leaf 
spot (FLS) reaction score association with molecular markers on 
chromosome 16 (MLG J) in F2 population of ‘Blackhawk’ × PI 398993 in 
soybean (Glycine max).  
 
Interval Mapping Image constructed by MapQTL® 6 software (Kyazma B.V., 
Wageningen, Netherlands; Van Ooijen 2009). Arrow indicates putative location Rcs3 




Figure 6.3   Pearson’s correlation coefficients for association between molecular markers 
on chromosome 16 (MLG J) of soybean (Glycine max) and disease reaction 
rating in F2 population of ‘Blackhawk’ × PI 398993.  
 
Solid line represents values for Pearson’s Correlation Coefficients of individual markers 
used in analysis. Dotted line indicates level of Pearson’s at which Fisher’s Exact Values 
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Table 6.2   Single marker analysis for association of phenotype and molecular markers on 
chromosome 16 (MLG J) of soybean (Glycine max) in F2 population of 
‘Blackhawk’ × PI 399068. 
 
Marker GPa 
Raw F2 Population b F2:3 Families c Adjusted F2 Data d 
Frequency e Ordinal f Corr g Raw Adjusted h Frequency e Corr g 
N=138 N=110 N=138 
SNP_358 2.34 0.3602  0.4161  -0.04 0.1206 0.0063 * 0.7929 0.00 
SNP_359 3.81 0.6412  0.4161  -0.05 0.079 0.1064 0.6086 -0.03 
Satt249 11.74 0.6177  0.3274  -0.08 0.0281 * 0.0054 * 0.1711 -0.04 
Sat_228 23.91 0.5248  0.6086  0.06 0.0338 0.0619 0.7679 0.04 
SNP_362 34.78 0.2543  0.4855  0.11 0.6817 0.0411 * 0.2094 0.13 
Satt132 39.18 0.0814  0.3765  0.08 0.5920 0.0853 0.1155 0.13 
Satt622 42.25 0.7843  0.5471  0.04 0.6135 0.1712 0.3162 0.13 
Satt215 44.08 0.4634  0.5790  0.03 0.0326 * 0.1703 0.3644 0.12 
Satt620 53.71 0.7919  0.8421  -0.01 0.0568 0.1176 0.5118 0.10 
Sat_350 55.73 0.2171  0.6680  -0.02 0.0559 0.3172 0.0311 * 0.08 
SNP_366 60.93 0.6258  0.7295  -0.02 0.0582 0.2362 0.4315 0.08 
Satt244 65.04 0.9604  0.8458  -0.01 0.0247 * 0.2155 0.0423 * 0.02 
Rcs3           
SNP_368j 72.48 0.6004  1.0000  0.03 0.0374 * 0.1828 0.0486 ** 0.03 
Satt547 67.79 0.6053  0.9577  0.02 0.0020 ** 0.0501 0.0045 ** 0.10 
SNP_171 72.86 0.8462  0.8006  -0.01 0.0009 ** 0.0084 * 0.0063 ** 0.12 
Sat_224 75.12 0.7541  0.7400  -0.03 0.0030 ** 0.0058 * 0.0218 * 0.13 
SNP_505 79.60 0.6096  0.5456  -0.08 0.0100 * 0.1930 0.3173 0.06 
Sat_394 89.43 0.7584  0.9077  -0.05 0.0211 * 0.2612 0.3009 0.09 
Sat_395 89.48 0.6637  0.8250  -0.06 0.0189 * 0.2179 0.2490 0.08 
Satt712 89.61 0.6053  0.8962  -0.01 0.0872 0.1665 0.8652 0.05 
 
a Genomic positions published in composite map of MLG J (Song et al. 2004). 
b Entire F2 Population included all plants in F2 generation for which DNA sample and 
phenotype existed. Raw data without identifying and eliminating escapes. 
c F2:3 Families included all F2 individuals for which F2:3 family phenotype and F2 DNA 
sample existed. 
d Adjusted F2 Population refers to dataset of F2 R/S ratings adjusted by the F2:3 ratings 
for escapes. 
e Frequency analysis  utilized Fisher’s Exact Values to determine significance of 
association. F2 classes included R (resistant) and S (susceptible). 
f Ordinal analysis utilized the Mantel-Haenszel Test for significance of association. F2 
phenotypic classes included ratings of 1,2,3,4, or 5. 
g Correlation analysis utilized the Pearson’s Correlation Coefficient to evaluate effects of 
marker alleles. 
h Adjusted F2:3 data involves utilizing susceptible F2 reaction ratings to eliminate F2:3 
family escapes. 
i Location retrieved from concencus map GmConcensus40 and published on Soybase.org. 
Markers placed in relative order accordingly. 
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Table 6.3   Single marker analysis for association of phenotype and molecular markers on 
various chromosome of soybean (Glycine max) in F2 population of 
‘Blackhawk’ × PI 399068. 
 
Marker LG a GP b 
Entire F2 Populationc F2:3 Families d Adjusted F2 Data e 
Frequency f Ordinal g Corr h Raw Adjusted i Frequency f Corr h 
N=138 N=110 N=138 
Sat_101 G 31.33 0.1558 0.0781 -0.16 0.8629 0.8692 0.2843 -0.11 
Sat_358 G 45.49 0.2612 0.0535 -0.12 0.7916 0.9372 0.2411 -0.05 
Satt501 G 47.27 0.3944 0.3986 -0.03 0.2516 0.9978 0.2036 -0.01 
Satt594 G 52.93 0.2144 0.2766 -0.08 0.3017 0.9314 0.7331 -0.02 
Satt303 G 53.41 0.2270 0.2571 -0.08 0.2225 0.9118 0.7860 -0.03 
Satt138 G 55.99 0.6528 0.5332 -0.03 0.3017 0.7856 0.9323 -0.03 
SNP_165 I 41.9 0.0825 0.0735 0.20 0.0569 0.8955 0.7176 0.07 
Satt270 I 50.11 0.2099 0.1968 0.16 0.0489 * 0.8003 0.7237 0.06 
Sat_268 I 55.09 0.3375 0.3371 0.13 0.2096 0.9618 0.8447 0.03 
SNP_489 I 66.44 0.5734 0.8199 0.05 0.5148 0.5649 0.8489 0.01 
Satt292 I 82.77 0.5405 0.3100 -0.03 0.3707 0.3558 0.5826 0.09 
Satt162 I 86.74 0.0141 * 0.0136 * -0.21 0.1400 0.0151 * 0.0693 -0.05 
SNP_357 I 105.11 0.0008 ** 0.0258 * -0.33 0.3326 0.1020 0.0650 -0.20 
SNP_490 I 118.9 0.4684 0.9021 0.00 0.4403 0.3986 0.2655 0.05 
Satt539 K 1.8 0.0137 * 0.0590 -0.23 0.6216 0.7178 0.1004 -0.16 
Sat_087 K 4.85 0.0888 0.2384 -0.15 0.6327 0.8329 0.3125 -0.12 
Satt242 K 14.35 0.0090 * 0.0470 * -0.22 0.6156 0.5988 0.0240 * -0.20 
Satt055 K 32.95 0.4276 0.4638 0.09 0.4760 0.2477 0.9674 0.02 
Satt178 K 40.86 0.8497 0.7705 0.01 0.1201 0.1424 0.5082 -0.04 
Satt046 K 45.59 0.5231 0.5617 0.08 0.4232 0.0748 1.0000 0.00 
Satt337 K 47.38 0.6000 0.9524 0.02 0.8887 0.1432 0.6310 -0.01 
Sat_363 K 50.58 0.1228 0.1235  0.18 0.1406 0.4219 0.9676 0.02 
 
a Molecular Linkage Group. 
b Genomic positions published in composite map of MLG J (Song et al. 2004). 
c Entire F2 Population included all plants in F2 generation for which DNA sample and 
phenotype existed. Raw data without identifying and eliminating escapes. 
d F2:3 Families included all F2 individuals for which F2:3 family phenotype and F2 DNA 
sample existed. 
e Adjusted F2 Population refers to dataset of F2 R/S ratings adjusted by the F2:3 ratings 
for escapes. 
f Frequency analysis  utilized Fisher’s Exact Values to determine significance of 
association. F2 classes included R (resistant) and S (susceptible). 
g Ordinal analysis utilized the Mantel-Haenszel Test for significance of association. F2 
phenotypic classes included ratings of 1,2,3,4, or 5. 
h Correlation analysis utilized the Pearson’s Correlation Coefficient to evaluate effects of 
marker alleles. 
i Adjusted F2:3 data involves utilizing susceptible F2 reaction ratings to eliminate F2:3 




Figure 6.4   Comparison of chromosome 16 (MLG J) marker positions between the 
Soybase composite map and maps generated through linkage analysis of F2 
population and F2:3-inferred F2 data from cross of ‘Blackhawk’ × PI 399068.  
 
a) Soybase composite map GmComposite2003 (Song et al. 2004).  
b) Map generated by JoinMap®4.0 based on F2 population phenotypic frogeye leaf spot 
(FLS) reaction data from cross of Blackhawk × PI 399068.  
c) Map generated by JoinMap®4.0 based on F2:3-inferred F2 phenotypic data from cross 






































































Figure 6.5   Comparison of chromosome 18 (MLG G) marker positions between the 
Soybase composite map and maps generated through linkage analysis of F2 
population and F2:3-inferred F2 data from cross of ‘Blackhawk’ × PI 399068.  
 
a) Soybase composite map GmComposite2003 (Song et al. 2004).  
b) Map generated by JoinMap®4.0 based on F2 population phenotypic frogeye leaf spot 
(FLS) reaction data from cross of Blackhawk × PI 399068.  
c) Map generated by JoinMap®4.0 based on F2:3-inferred F2 phenotypic data from cross 


























Figure 6.6   Comparison of chromosome 9 (MLG K) marker positions between the 
Soybase composite map and maps generated through linkage analysis of F2 
population and F2:3-inferred F2 data from cross of ‘Blackhawk’ × PI 399068.  
 
a) Soybase composite map GmComposite2003 (Song et al. 2004).  
b) Map generated by JoinMap®4.0 based on F2 population phenotypic Frogeye Leaf 
Spot (FLS) reaction data from cross of Blackhawk × PI 399068.  
c) Map generated by JoinMap®4.0 based on F2:3-inferred F2 phenotypic data from cross 































Figure 6.7   Comparison of chromosome 20 (MLG I) marker positions between the 
Soybase composite map and maps generated through linkage analysis of F2 
population and F2:3-inferred F2 data from cross of ‘Blackhawk’ × PI 399068.  
 
a) Soybase composite map GmComposite2003 (Song et al. 2004).  
b) Map generated by JoinMap®4.0 based on F2 population phenotypic frogeye leaf spot 
(FLS) reaction data from cross of Blackhawk × PI 399068.  
c) Map generated by JoinMap®4.0 based on F2:3-inferred F2 phenotypic data from cross 
































Figure 6.8   Logarithm (base 10) of Odds (LOD) scores from Interval Mapping of frogeye 
leaf spot (FLS) reaction score association with molecular marker positions on 
multiple chromosomes in F2 population of ‘Blackhawk’ × PI 399068. 
 
a) Chromosome 16 (MLG J).  
b) Chromosome 9 (MLG K).  
c) Chromosome 18 (MLG G). 
d) Chromosome 20 (MLG I).  
Interval Mapping Image constructed by MapQTL® 6 software (Kyazma B.V., 
Wageningen, Netherlands; Van Ooijen 2009). Arrow indicates location Satt244, 
published in literature as associated with Rcs3 (Mian et al. 1999).   























Figure 6.9   Logarithm (base 10) of Odds (LOD) scores from Interval Mapping of frogeye 
leaf spot (FLS) reaction score association with molecular marker positions on 
multiple chromosomes with  F2:3-inferred F2 phenotypic data in population 
of ‘Blackhawk’ × PI 399068.  
 
a) Chromosome 16 (MLG J).  
b) Chromosome 9 (MLG K).  
c) Chromosome 18 (MLG G). 
d) Chromosome 20 (MLG I).  
Interval Mapping Image constructed by MapQTL® 6 software (Kyazma B.V., 
Wageningen, Netherlands; Van Ooijen 2009). Arrow indicates location Satt244, 
published in literature as associated with Rcs3 (Mian et al. 1999). 
  






















Figure 6.10   Pearson’s correlation coefficients for association between molecular 
markers on chromosome 16 (MLG J) of soybean (Glycine max) and disease 
reaction rating in F2 population of ‘Blackhawk’ × PI 399068.  
 
Solid line represents values for Pearson’s Correlation Coefficients of individual markers 
used in analysis. Dotted line indicates level of Pearson’s at which Fisher’s Exact Values 
for corresponding markers are significant. White circle denotes putative location of Rcs3 
(Mian et al., 2009). Marker order based on genomic position in composite map of MLG J 


































Figure 6.11   Pearson’s correlation coefficients for association between molecular 
markers on chromosome 9 (MLG K) of soybean (Glycine max) and disease 
reaction rating in F2 population of ‘Blackhawk’ × PI 399068.  
 
Solid line represents values for Pearson’s Correlation Coefficients of individual markers 
used in analysis. Dotted line indicates level of Pearson’s at which Fisher’s Exact Values 


































 Soybean is a major commodity in the US and worldwide. Great emphasis in terms 
of breeding effort is placed on improving overall seed yield. However, yield stability is 
another very important component for production. In 2010, soybean diseases reduced 
yield an estimated 13 million metric tons in the US. Improvement in soybean disease 
resistance is essential both to the economy, but also to food supply. By identifying and 
characterizing new resistance alleles and loci, soybean breeders can protect the current 
level of soybean production. Oftentimes, alleles conditioning resistance to such diseases 
are found in unadapted germplasm. Such germplasm can lead to difficulty in breeding 
programs due to undesirable wild-type traits (Carpenter and Fehr, 1986; Concibido et al., 
2003). Molecular marker technology has greatly improved both soybean breeding 
program efficiency and the pace of progress. Marker-assisted selection (MAS) has the 
potential to greatly improve the success of incorporating traits of interest from exotic 
germplasm to elite production cultivars.  
FLS, caused by the fungal pathogen Cercospora sojina, threatens soybean 
production worldwide. Forms of genetic host resistance have been deployed throughout 
the US production acres since soybean became a large-scale grain crop. These forms of 
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resistance included the loci Rcs1 and Rcs2; each was overcome by the pathogen within 20 
years of gene deployment. Since the 1980s, Rcs3 has been incorporated in a significant 
portion of the US production varieties. Resistance alleles at the Rcs3 locus condition 
resistance to all known races of C. sojina. Given the durability of vertical resistance 
sources to the pathogen, the age of the Rcs3 gene, and the resistance of the pathogen to 
strobilurin chemistries, current soybean production is at the verge of a new outbreak. 
The research discussed indicates potential resistance to C. sojina found in two 
soybean cultivars, PI 398993 and PI 399068. These loci confer resistance to races of the 
pathogen which represent most domestic variability of the pathogen. Previous work 
predicted the resistance sources were not the Rcs3 allele as Davis; the haplotype of five 
flanking markers were different than that of Davis (Mengistu et al., 2011). A 
nonconventional rating scale was utilized in this research in an effort to improve 
reliability of FLS screenings. Poor phenotyping success prevented determination of the 
merit of the rating scale. Single marker analysis indicated markers associated with the 
phenotype were indeed on chromosome 16 (MLG J), but possibly beyond Rcs3 in both 
sources. Interval mapping placed the highest probability of the resistance loci near 
SNP_171 and SNP_368, but distal to the Rcs3 locus. Analysis of reaction ratings also 
indicated significant influence on phenotype was also associated with markers located at 
or beyond the published Rcs3 locus. Prior research has documented instances in which 
mutiple genes for resistance to a single pathogen are located in clusters (Shepherd and 
Mayo 1972). The evidence in this research supports the hypothesis that both PIs may 
contain a resistance loci, different than Davis, but within the same gene cluster. Equally 
as likely, the resistance could prove allelic to Davis. While this research indicates 
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likelihood that the germplasm contains resistance similar to Davis, merit exists in 
discovering that fact. Due to similarity, other potential sources of novel resistance would 
supercede the PIs screened in this research for relative importance in future tests. 
However, allelism tests, utilizing F2 progeny from crosses of PI 398993 × Davis and a 
cross PI 399068 × Davis are required to determine if these loci are indeed independent of 
Rcs3. If indeed these loci are at the Rcs3 loci, different isolates of the pathogen may be 
utilized to determine if the PIs are sources of different alleles, which may prove valuable 
as well. If these PIs are independent of the Rcs3 locus, the new loci may prove more 
valuable than if allelic. Independent loci within the same gene cluster or linkage group 
could potentially allow for pyramiding of resistance genes; oftentimes deployment of 
multiple genes for resistance can extend the durability of resistance. Investigation into the 
impact of putative genes on the beginning portions of chromosome 9(MLG K) is also 
warranted. Identification of potential genes negatively impacting C. sojina resistance may 
help clarify future resistance screens. 
 
Future Research 
Recent years have seen an effort to standardize genetics research centered around 
the pathogen C. sojina. A set of soybean cultivar differentials has been established (Mian 
et al., 2008). Differences in some reaction are noted across the literature of some cultivars 
and can be seen in Table 2.1 (Athow et al., 1962; Ross 1968; Phillips and Boerma, 1981; 
Boerma and Phillips, 1983; Baker et al., 1999).  Also, a new race classification system for 
the pathogen has also been established; this race classification encompassed all genetic 
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variability observed within modern cultures held by the Department of Plant Pathology at 
the University of Georgia. 
 Differences remain in many facets of the resistance research. Screening 
environments are based in the field where sheer numbers necessitate the space (Yang et 
al., 2001; Mengistu et al., 2011). Screening is also done in greenhouses to ensure 
environments conducive to infection and spread of the disease (Pace et al., 1993; Mian et 
al, 1999). The race of the pathogen used for inoculation includes known races (Hoskins et 
al., 2011), unknown isolates (Baker et al, 1999), and natural field populations (Mengistu 
et al, 2011). Timing of data collection also varies among research. Inoculation is common 
at V2 (Fehr and Caviness, 1977); ratings at 14 days after inoculation are also common in 
the literature (Missaoui et al., 2007; Pace et al., 1993; Mian et al., 1999; Mian et al., 
2008). Other research includes ratings at 14, 21, and 28d (Mian et al., 2008; Yang et al., 
2001; Baker et al., 1999; Mengistu et al., 2011). In most of these studies, the latter ratings 
were to confirm resistance; any susceptibility marked in all ratings led to a qualitative 
susceptible score. Lastly, a considerable amount of inconsistency has been observed in 
the literature describing the definition of resistance. Historical ratings have been 
qualitative, either resistant (R) or susceptible (S), and this system has been subjective. 
Some researchers documented susceptibility with numerous, large spreading lesions and 
conversely resistance with no lesions, flecks, and small lesions (Mian et al., 2008). Other 
researchers have marked plants as resistant when they exhibited either no lesions or only 
small flecks (Phillips and Boerma, 1991; Pace et al., 1993; Yang et al., 2001). Without a 
clear, objective delineation between resistance and susceptibility, a slight difference in 
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screening intensity results in different outcomes. Such outcomes could potentially 
overlook valuable minor genes or QTLs for resistance. 
 Population size for phenotyping plays a major role in the outcome of the research. 
A large population size reduces experimental error due to escapes and even false 
positives. However, the population size can also become too large for the logistics of the 
phenotyping procedure. In the F2 screens of this research, all attempts were made to 
screen 300 individuals. However, uniformly phenotyping this many individuals with the 
resources and space proved extremely difficult. Some areas in the screening chambers 
developed much heavier infection than others. Future research conducted with a 
minimum amount of space for each plant or seedling could potentially alleviate some of 
this variability. By ensuring adequate and consistent space for plants across experiments, 
some of the genotype X environment interaction may be reduced. Further, less extraneous 
variation may be encountered. This could prove extremely beneficial to molecular 
mapping studies; mapping can be only as precise as the phenotyping procedure. 
 Finally, new molecular markers are being developed very rapidly. A higher 
frequency and increased saturation of polymorphic markers is now becoming available 
with the vast number of SNPs published each year. These SNPs also offer a much more 
high-throughput means of marker detection than SSRs. With a higher saturation and 
higher throughput, SNPs will greatly improve the speed and accuracy with which 
resistance loci are identified and incorporated. Consequently, any basic research dealing 
with resistance mechanisms should involve marker technology from this point forward. 
Thorough understanding of the capabilities of molecular marker technology sparks 
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CROSS REFERNCE FOR SINGLE NUCLEOTIDE POLYMORPHISMS USED IN 





Identifier MLG Position Soybase Identifier 
SNP_165 I 41.9 BARC-015861-02878 
SNP_489 I 66.44 BARC-025847-05113 
SNP_357 I 105.11 BARC-058481-15299 
SNP_490 I 118.9 BARC-028901-06041 
SNP_358 J 2.34 BARC-016027-02038 
SNP_359 J 3.81 BARC-028423-05867 
SNP_362 J 34.78 BARC-031525-07106 
SNP_366 J 60.93 BARC-031917-07226 
SNP_368 J 72.48 BARC-042697-08373 
SNP_171 J 72.86 BARC-030433-06867 
SNP_505 J 79.6 BARC-030817-06946 













Amplicon: piece of DNA/RNA that is the source and product of amplification events. 
Fleck: in plant pathology, a speck or spot usually indicative of hypersensitive response to 
infection by pathogen 
 
SNP: single nucleotide polymorphism; a type of molecular marker in which the DNA 
sequence variation occurs with a single nucleotide. 
 
SSR: simple sequence repeat; a type of molecular marker which consists of repeating 
sequences of 2-6 base pairs of DNA. 
 
PCR: polymerase chain reaction; a biochemical method to amplify a single or few copies 
of a piece of DNA across several orders of magnitude to generate millions of 
copies of that DNA sequence. 
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